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Abstract 
Microwave hyperthermia, a process that involves heating tumour cells, has been proposed as an 
alternative method of treating breast cancer. By sending microwave energy of a suitable frequency 
range to the breast, localised heating is induced by the applied electromagnetic radiation. It is 
important that the tumour is heated to a temperature greater than 42℃, (the required temperature for 
hyperthermia treatment) while keeping healthy tissue at normal body temperature. Several useful 
approaches have been proposed to direct microwave hyperthermia to cancerous tissue, including 
novel focusing methods and innovative microwave hardware designs. However, a number of 
challenges restricting the use of microwave systems in clinical medicine remain. Arguably, the most 
persisting engineering problem to overcome is achieving locally focused microwave power in the 
heterogeneous environment of the breast. In order to understand the challenges of microwave 
hyperthermia, considerably large computational efforts are required to solve 3D Electromagnetic 
(EM) problems in a complex model of breast tissue. 
The success of using microwave hyperthermia to treat breast cancer is highly dependent on the 
accuracy of the excitation signals utilised for each antenna element. Several research papers have 
reported various approaches on this topic. Although recent progress has been made in the 
investigation of microwave hyperthermia, the studies were mainly reliant upon oversimplified Radio 
Frequency (RF) models which assume point source applicators, and human breast phantoms which 
are mostly 2D models lacking tissue thermal-electric properties. As a result, it is infeasible to 
implement the proposed systems for clinical applications. This thesis aims to address the limitations 
of these earlier studies by modelling and constructing realistic human breast models and 3D antenna 
arrays. This will require the determination of correct phases and amplitudes for the excitation signals 
in a realistic environment by using a global optimisation method. 
The approaches proposed use actual antenna arrays to transmit microwave power while the 
excitation signals are optimised based on power distributions and thermal profiles induced in the 
patient-specific breast models. The first study based on 2D antenna arrays and patient-specific breast 
models is demonstrated in Chapter 3. In this study, microwave hyperthermia is performed in a realistic 
environment rather than over-simplified scenarios. In the recommended technique, electromagnetic 
focusing on patient-specific breast models concentrates the power at the tumour position while 
successfully keeping the power levels at other positions (healthy tissue) at minimum values. Several 
patient-specific breast models ranging from fatty tissue to highly dense tissue are used to investigate 
the effect of breast anatomy on the proposed focusing technique.  
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Chapter 4 introduces an improved hyperthermia approach for breast cancer treatment, overcoming 
the limitations of previously analysed techniques. In this approach, microwave hyperthermia is 
conducted in a 3D environment which allows targeting microwave power to tumours located at 
various locations by using a fixed antenna array. The capability of using 3D focusing microwave 
hyperthermia for treating the breast is extensively studied and confirmed. The technique suggested in 
this chapter uses a 3D antenna array with the excitations (amplitude and phase) optimised using the 
global Particle Swarm Optimisation method. To implement the technique, a link between Matlab and 
the full-wave electromagnetic simulator (CST Microwave Studio) is conducted. This unique 
technique enables the possibility of finding optimum excitations for antenna elements in a 
complicated 3D medium. The results show the possibility of focusing hyperthermia treatment on the 
exact volume of tumours situated at different on-axis and off-axis locations within a very dense breast, 
including the challenging case of a tumour embedded in a gland, while preventing any hot spots in 
healthy tissue. 
In order to validate the proposed focusing technique presented in Chapter 4, the 3D focusing 
technique for non-invasive microwave hyperthermia treatment of breast cancer is experimentally 
confirmed and reported in Chapter 5. The experimental system employs a 3D array of corrugated 
tapered slot antennas operating at a frequency band of 4 GHz to focus microwave power to a target 
located inside a breast model embedded in a coupling/cooling medium.  
Prior to implementing the system, Chapter 5 introduces a methodology to fabricate a thermo-
dielectric breast model. The exclusive feature of the model is that it reflects both thermal and 
dielectric properties of each tissue. To fabricate the phantom materials, mixtures of low-cost and 
stable materials are utilised to meet the tissues’ dielectric (permittivity and conductivity) and thermal 
(specific heat capacity and thermal conductivity) properties across the frequency band 3-5 GHz, 
which is suitable for breast hyperthermia. A 3D printer is used to create accurate moulds ensuring the 
fabricated breast phantom is anatomically correct. 
Further validation is achieved by confirming the capability of locally heating a 1 𝑐𝑚3 tumour 
located in a very dense thermo-dielectric breast phantom. The similarity between the measured and 
simulated results observed at different heating times confirms that the effectiveness of the proposed 
3D microwave focusing technique is successful. 
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1  
Microwave Hyperthermia for Breast 
Cancer Treatment: Introduction 
 
1. Microwave hyperthermia in cancer treatment 
i. Thermal therapy in cancer treatment 
In oncology, thermal therapy has been used to treat various types of cancer by exposing the cancerous 
cells to high temperature (𝑎𝑏𝑜𝑣𝑒 42℃) [1, 2]. The basic concept of thermal therapy is the temperature 
within a human body is raised by heating sources that are internally or externally transferred to the 
body. In order to realise the desired temperature at cancerous tissue, the heating sources are normally 
transmitted by antenna arrays, which can be installed outside or inside of the body depending on 
clinical protocol. In a thermal therapy system, the heating sources can be derived from 
electromagnetic (EM) energy, ultrasonic waves and other thermal-conduction based devices, 
depending on the type of treatment [3]. Generally, the thermal therapy can be either nonionizing or 
ionizing depending on the heating sources used. The nonionizing thermal therapies are operated by 
using EM energies at radio frequency (RF) and microwaves, while the heating sources in the ionizing 
approaches are at very high frequencies (above visible lights). The relationship between frequency 
and thermal therapy is shown in Figure 1-1. In practice, there are several kinds of thermal therapies 
which can be grouped into three main categories as stated by  
2 
 
 
 
Figure 1-1. Thermal therapy applications along the EM frequency 
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Riadh [4]: diathermia, hyperthermia and thermal ablation. These therapies are classified based on the 
treatment duration and temperature level used.   
Among the thermal therapies, hyperthermia is an emerging treatment in oncology and has shown 
to be an effective modality for cancer treatment [5-14]. Furthermore, it presents significant 
improvements in clinical effects on patients when used alone or in combination with other treatment 
methods, such as chemotherapy and radiotherapy [15-17]. Clinically, there are three types of 
hyperthermia treatment: localised, regional or whole-body hyperthermia.  The type of hyperthermia 
treatment used is dependent on the form of cancer to be treated [6]. In hyperthermia, thermal sources 
are often externally or internally delivered to tumors dependent on which method is used for 
conducting hyperthermia. In terms of transmitting heating sources to the human body, the most 
common hyperthermia treatments use external devices where the energy is non-invasively transmitted 
to human tissue by using EM technologies [18-25]. 
Recently, non-invasive microwave hyperthermia has been proposed as a promising alternative 
cancer treatment [26-35]. The benefits of this type of treatment, compared to other thermal treatments, 
is that it is a nonionising and non-invasive approach that can be applied to various types of cancer. 
For example, the potential of using microwave hyperthermia for the treatment of malignancies in 
head, neck and chest regions [19], [36-42] has been clinically tested [43, 44]. For microwave 
hyperthermia to be successful in treating cancer, tumours are heated to a moderate temperature while 
keeping healthy tissue at normal body temperature. Despite the effectiveness of using microwave 
hyperthermia for the treatment of some cancers, its clinical application for breast cancer is still under 
development. This is mainly due to the inadequacy of required tools which restrict the utilisation of 
microwave hyperthermia in the treatment of breast cancer [5, 7, 35, 45]. Generally, developing 
clinically effective systems for microwave hyperthermia will be difficult because it associates with 
solving several engineering problems within a complicated environment.  This includes evaluating 
and simulating the temporal distributions of EM power and temperature during the treatment of 
complex models.  
ii. Non-invasive Microwave hyperthermia for breast cancer treatment 
A microwave hyperthermia system must be able to heat a tumor to a higher temperature than the 
surrounding healthy tissue and maintain the moderate temperature, 42℃ 𝑡𝑜 45℃ , at the tumor 
location during the treatment [46-51]. This could be achieved by using focusing techniques to guide 
microwave power transmitted from an antenna array. Figure 1-2, for example, presents a general non-
invasive microwave hyperthermia system for the treatment of the breast. In this system, microwave 
4 
 
power is delivered to the tumor site via an adaptive phased array of antennas. The controller is used 
to adjust the input signals to the antenna array so that the transmitted microwave power is mostly 
absorbed by the tumor, which consequently increases the temperature to desired value at the tumour 
location. The successful use of microwave hyperthermia is also a compromise between the limitations 
of penetration and the ability to focus microwave energy. 
 
Figure 1-2. General configuration of a microwave hyperthermia system 
Arguably the most prominent engineering challenge for successfully designing and implementing 
a non-invasive microwave hyperthermia system to treat breast cancer, is achieving localised heating 
of the tumor in an inhomogeneous human breast without causing any “hot spots” in healthy tissue. 
Fundamentally, the microwave power absorbed in the human body is used as heating sources while 
the power is delivered to the breast via an array of antennas. Normally, the phases and amplitudes of 
excitations of antenna elements are calculated so that the induced power is concentrated on the tumor 
location. However, the complexity of the inhomogeneous structure of the breast and the antenna array 
makes focusing microwave hyperthermia difficult to accomplish.  
The success of microwave hyperthermia treatment solely depends on the effectiveness of the 
focusing technique which involves finding correct excitation details for the antenna elements. This 
step requires solving the EM problems in a three-dimensional (3D) environment. Hence, 
computational challenges arise since huge simulations and calculations are needed to determine the 
optimum solutions. The antenna array configuration is also a major concern in designing microwave 
hyperthermia systems. The limitation of penetration of EM waves effects the depth of effecting 
heating that antenna arrays can accomplish and is dependent on the frequency of operation. Hence 
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the design of the antenna array has to take into account the effect of the operating frequency as well 
as the location of the tumour.  
To overcome these issues, many research groups have offered several solutions for the effective 
focusing of microwave hyperthermia treatment for breast cancer. Recent advances in non-invasive 
microwave hyperthermia for breast cancer have contributed tremendous knowledge to the field. By 
introducing effective focusing techniques, such as beamforming techniques [52-55], the studies have 
shown interesting results of microwave hyperthermic therapy of the breast. The recommended 
techniques show that the required temperature can be achieved in the breast phantom by simply 
controlling the input excitation of antenna elements. Specifically, the “hot spots” in healthy tissue can 
be controlled by adjusting the input phases of antenna elements while the amplitudes are scaled to 
realise the desired temperature. Although the previous studies have presented focusing techniques 
that tackle the limitation of 3D EM computation in a complex environment, there are major issues 
that remain unsolved. One of the most prominent issues of these studies is that while realistic breast 
models were utilised, the antenna elements were simulated by using the simple ideal point sources. 
As a result, such an assumption would yield inaccurate outcomes when the systems are tested in 
practical situations. It is important that microwave hyperthermia simulations are conducted in a 
modelling environment that mimics the real situation as closely as possible. 
Antenna array configurations also plays a vital role in the study of non-invasive microwave 
hyperthermia for breast cancer treatment. Recall that for high-frequency EM devices the penetration 
depth is limited due to the presence of absorbing material. Hence only tumors seated 2–3 cm from 
the skin surface can be heated with the conventional surface applicators [4]. Owing to the drawbacks 
of using conventional applicators, one solution is to utilize a phased antenna array to attain deeper 
localised heating [56]. For clinical hyperthermia, the use of phased antenna arrays offers three 
advantages over a single antenna. It can provide higher penetration depth by selective phasing of 
elements, provides more flexibility in tailoring the field pattern to a specific anatomical site and 
reduces unwanted “hot spots” because of the uniform distribution of applied power to wider surface 
area. Hence the development of an antenna array provides a more effective hyperthermia therapy 
because of improved control over radiation patterns and power deposition within the breast. 
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2. Thesis aims 
This thesis aims to investigate focusing techniques for microwave hyperthermia treatment of breast 
cancer in realistic environments. Fundamentally, the ultimate goal for using microwave hyperthermia 
in cancer treatment, including breast cancer, is to utilise microwave signals to achieve therapeutic 
temperatures at a tumour area while keeping healthy tissue at normal levels. This goal is accomplished 
by using an antenna array to transmit microwave signals that are constructively combined at a target 
location while destructively added elsewhere. An important aspect to the success of a microwave 
hyperthermia system is to determine correct drives for antenna elements.  This ensures the induced 
temperature from EM power absorbed by breast tissues achieves maximum value at the tumour.  
Despite the convincing outcomes for using microwave hyperthermia in breast cancer treatment of 
recently proposed approaches, these make several assumptions which oversimplify the complexity of 
the environment, particularly for breast models and antenna arrays. Therefore, in this thesis, focusing 
techniques for microwave hyperthermia treatment of breast cancer are studied extensively. Instead of 
performing microwave hyperthermia in a simplified environment, our studies are conducted based on 
the realistic environment which is constructed from a 3D patient-specific breast model and the heating 
source is transmitted by an actual antenna array. During the investigation, the reliability of our 
proposed technique is tested by using various breast models ranging from models with a large fat 
content to highly dense breast phantoms, these also incorporate tumours at various locations. In order 
to find correct phases and amplitudes of the excitation signals, optimization methods are implemented 
into the focusing approaches. The proposed focusing technique for microwave hyperthermia 
validated by building and testing a microwave hyperthermia system on a thermo-dielectric breast 
phantom.  
In order to overcome the drawbacks of previous systems and achieve the goal of this thesis, the 
scope of the research project includes: 
 
1. The design of a compact directive antenna: in the previous studies the antennas are simulated 
as ideal sources. To increase the performance of the system, the antenna has to be compact 
and unidirectional so that it can provide flexibility for forming a complex 3D antenna array. 
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2. The design of an antenna array: the antenna array is designed so that the EM energy can be 
delivered to deeper locations within the breast phantom. Furthermore, the configuration of the 
antenna array is built in such a way that it can increase the ability of localised heating in the 
tumour while controlling the hot spots.  
 
3. The development of computational tools: the computation tools include EM simulation which 
is used to estimate absorbed power in the breast and thermal simulation is used to calculate 
the induced temperature resulted by the microwave power. These tools are essential for the 
study of microwave hyperthermia, since the focusing microwave hyperthermia involves 
electromagnetic solutions in a realistic environment. Hence, the chosen tools should have the 
ability to perform large computations for 3D electromagnetic problems in a complicated 
scenario.  
 
4. The development and construction of a realistic breast model: to build realistic environments 
for the study of microwave hyperthermia, the models are built based on specific patient 
information from MRI data. The data is processed in Matlab and then used to build models in 
Microwave Studio (CST) which is adopted in the simulations. Currently, there are no 
commercially available models. Several phantoms are created with physical and biological 
properties similar to human tissue. 
 
5. Focusing microwave hyperthermia by using two-dimensional (2D) antenna array and Trust 
Region Framework optimization: the focusing technique is performed via a 2D antenna array 
placed around a realistic breast phantom. The proposed focusing technique overcomes the 
impractical limitations of previous studies since actual antenna arrays are used to localise 
heating at the tumor location within the patient-specific breast model. The input excitations 
(amplitude and phases) of antenna elements are optimized so that there is no occurrence of 
hot spots in healthy tissue. In order to perform the focusing technique, a coupled project of 
EM and thermal simulations is constructed in CST, while the powerful built-in Trust Region 
Framework is used to find input excitation details of the antennas.  
 
6. Focusing microwave hyperthermia by using 3D antenna array and Particle Swarm 
Optimization: an improved focusing technique is performed by using a 3D array with a global 
optimization technique. Since the 2D array of antennas can only focus microwave power to 
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tumors located in the plane of the array, the 3D array offers the ability to concentrate 
microwave power at different locations (vertically and horizontally) throughout the breast 
phantom. Therefore, it enables the treatment of tumors at different positions. The use of a 
global optimization algorithm tackles the limitations of Trust Region Framework where the 
optima may be trapped in the local values.  
 
7. Fabricating the thermo-electric breast phantom: realistic phantoms are fabricated in order to 
be used in the experiments. The phantoms have to simulate a human breast from size to tissue 
thermo-electric properties. 
 
8. Microwave hyperthermia experiments: validating the proposed focusing technique by 
conducting experiments on a microwave hyperthermia system in which a 3D antenna array is 
used to illuminate the thermo-dielectric breast phantom.  
 
In the following chapters, these challenges are described and analysed in detail. Although focusing 
techniques for other body parts are out of the scope of the thesis, the solutions used to deal with the 
specific challenges in this research might also be applicable for other studies of microwave 
hyperthermia treatments.  
3. Methodology 
Figure 1-3 is a flow chart describing the research methodology. In order to achieve the 
aforementioned tasks, the research activities begin by designing and choosing a suitable antenna. At 
the same time, a propagation model was also built for use in simulations. The antenna array is then 
considered, including 2D and 3D antenna array designs. From here, EM and thermal simulation tools 
are set up on Microwave Studio CST. At this stage, the antenna arrays and propagation models  
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Figure 1-3. Methodology flow chart 
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are used to determine power and temperature distributions. An investigation of localised heating 
strategies is then conducted with the constructed breast phantom and antenna array (2D and 3D). The 
localised heating is realised by the suitable excitations for antenna elements which are optimized 
using Trust Region Framework and Particle Swarm algorithms. At this stage, the thermo-electric 
breast phantoms are built based on patient images. The final experiments are performed in a Faraday 
cage for RF isolation, while the temperature distributions within the breast phantoms are captured by 
a thermal camera. 
Antenna design 
In order to transmit microwaves appropriately, we need a directive antenna with acceptable gain. 
The antenna has to be compact so it can be implemented easily to our antenna array later. For these 
reasons, we have chosen printed quasi-Yagi antenna as the primary antenna element. Quasi-Yagi 
antenna has advantages over others because of their compact size, low profile, lightweight, and 
affordability. The antenna is designed to work in bandwidth of 3.1-10.6 GHz. Furthermore, in order 
to assess the effect of the antenna configuration on the effectiveness of microwave hyperthermia, 
different antennas designed by the another team memeber are used and compared with the quasi-Yagi 
antenna. 
Breast model creations: 
As discussed, propagation models play a very important role in the project. In order to suit the 
project aims, breast models that can be simulated on CST by using MRI data of several patients were 
built. The patient-specific MRI data is publically available at Department of Electrical and Computer 
Engineering University of Wisconsin-Madison [57]. The models are derived from a series of T1-
weighted magnetic resonance images (MRIs) of patients in a prone position and have 0.5 x 0.5 x 0.5 
mm resolution. The data is first processed in Matlab so as to reconstruct the matrix. The matrix is 
then used to generate a model in CST. 
Electromagnetic and temperature distribution simulation tools: 
This task includes creating EM and thermal models, using suitable simulation tools. These tools 
are used to determine and control temperature distributions inside the breast phantom. A 3D EM 
simulation tool is used to determine power deposition inside breast phantom. The power distributions 
are then used to determine temperature profiles induced in the breast phantom. The simulations above 
are combined as a feedback loop for simulating focusing microwave hyperthermia which locally heats 
the tumour to therapeutic temperatures. It is divided into 2 phases. In the first phase, the power 
deposition profile in the breast phantom is investigated. In the second phase, thermal simulation uses 
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the information from the power deposition profile to calculate temperature distribution profiles inside 
the breast phantom. The loop is completed when a steady temperature is reached. That means the 
temperature is at a desired level, above 42℃.  
In this work, microwave hyperthermia is studied by using CST and Matlab. CST is used as the 
simulation tool to determine the power distributions for thermal simulations. The simulation process 
includes EM focusing and thermal analysis. While the EM focusing is used to determine the optimum 
excitation phases for each antenna element, the thermal analysis is used to calculate excitation 
amplitudes with the constraint of localised heating of the tumour. 
Focusing microwave hyperthermia using 2D array: 
In order to transmit microwave power to the breast phantom, a 2D antenna array formed by four 
sub-arrays is built and placed around the breast model. Each sub-array has three antenna elements 
which are placed 80mm away from the centre of the breast. The simulation includes both EM and 
thermal simulations and a built-in optimization algorithm. The excitation phases of antenna elements 
in each sub-array are first calculated so that the main beam from each sub-array is focused at the 
tumour location. The optimization is applied in the EM simulation to determine the optimum 
excitation phases for antenna elements, with pre-calculated excitation phases as initial values. 
Similarly, the amplitudes of excitation signals are determined via the optimization which is applied 
within the coupled EM and thermal simulations. The optimization loop stops when the focusing 
achieves the desired temperature at a target location within the constraint of no hot spots in healthy 
tissue. The focusing is performed on two types of breast models; fatty and highly dense breast, where 
the 1𝑐𝑚3 tumour is located at the centre plane of the antenna array.   
Focusing microwave hyperthermia using 3D array: 
In order to focus microwave power at a tumour located in different positions within the breast 
phantom, a 3D antenna array is built. The array includes four sub-arrays. Each sub array has six 
antennas placed in a planar structure. Similar to the 2D case, the primary excitation phases of antenna 
elements are first determined then they are used as initial values for the optimization. The excitations 
of antenna elements are optimized so that the tumour is locally heated to the required temperature. 
However, in this case a global optimization, Particle Swarm, is used. CST is only used to calculate 
the power and thermal distribution while the results from the CST simulations are automatically 
imported to Matlab where the optimization takes place. To confirm the effectiveness of the proposed 
technique, the focusing is performed on a tumour located at different locations within the most 
complicated breast model, that of a very dense breast.  
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Thermo-electric breast model fabrication and experiments: 
In order to validate the proposed devices and algorithms, thermo-electric breast phantoms are 
fabricated. The fabrication process involves investigating phantom materials and building tissue 
casting moulds. While the phantom materials need to include the thermal and electromagnetic 
properties of breast tissue, the casting moulds have to be able to mimic breast structure. The phantom 
materials are simulated by using gelatin, water, oil and/or salt. The casting moulds are generated from 
silicone plastic with the help of a 3D printer and use processed MRI data from patients. The fabricated 
breast phantoms are then used for testing our proposed focusing technique.  
In the experiments, a 3D antenna array is built from fabricated antenna elements. The antenna 
array is placed in a platform that is designed with several slots which have similar dimensions of the 
antenna element. In order to provide adequate power for the experimental system, a 100W power 
amplifier is used and two stages of power dividers are built to transmit power to antenna elements. 
The experimental system is fed by an adjustable signal generator. The experiments are performed by 
placing the thermo-electric breast model inside the designed platform filled with cooling/coupling 
liquid. The cooling liquid is utilised to avoid heating the skin region. The temperature distributions 
within the breast phantom are captured by a thermal camera at different exposure times. The results 
are then used to validate and optimize the proposed methods.  
4. Organization of the thesis 
Chapter 2 presents an overview of non-invasive microwave hyperthermia and the challenges for 
its hardware and software designs. This chapter also introduces the computational techniques, 
simulation tools and breast phantoms used for studying the focusing technique for microwave 
hyperthermia throughout the thesis.  
Chapter 3 illustrates the focusing technique by using 2D antenna arrays with a Trust Region 
Framework optimization. Its advantages and disadvantages compared to previous studies are also 
discussed. 
Chapter 4 shows an improved technique for focusing microwave hyperthermia by using 3D 
antenna arrays with Particle Swarm optimization. The improvements of the proposed technique are 
discussed based on the results of localised heating of the tumours at various locations.  
Chapter 5 presents the setup and results of the experiments. Firstly, this chapter demonstrates the 
details of the fabrication process of creating thermo-electric breast phantoms. Secondly, the 
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experimental preparations which introduce the components that are essential for building the 
experimental system are discussed. Finally, the results of the experiments are shown. 
Finally, Chapter 6 is a summary of the work presented in the thesis. This chapter also outlines the 
contributions of the thesis as well as potential future research directions. 
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2  
Review of Non-invasive Focusing 
Techniques for Microwave 
Hyperthermia  
 
Instead of using ionising heating sources, microwave hyperthermia systems employ arrays of 
antenna elements to non-invasively transmit non-ionising heating sources to desired locations while 
adhering to safety requirements in healthy tissue. The heating sources, RF signals, are emitted to a 
breast phantom by an antenna array, which is normally distributed around the phantom. The 
microwave power absorbed by breast tissue is then controlled to realise the highest value at tumour 
locations compared to other areas (healthy tissue). Because of the linearly proportional relationship 
between the introduced microwave energy and induced temperature, the stronger concentrated 
microwave energy will consequently produce a higher temperature and vice versa. The induced 
temperature distribution within the breast phantom can therefore be used for hyperthermia treatment 
of the breast.            
As analysed and discussed in Chapter 1, appropriate excitations for antenna elements can improve 
the effectiveness of selectively heating tumours in a microwave hyperthermia system. However, there 
are several engineering challenges associated with such systems.  These encompass the related 
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difficulties in designing microwave hardware and relevant EM issues, that is, the problem in 
selectively concentrating an EM field in heterogeneous breast phantoms while fulfilling the safety 
limits. This thesis focuses on studying the EM issues related to focusing techniques for microwave 
hyperthermia. Owing to these issues, the techniques that have been used in microwave hyperthermia 
are not transferrable to clinical use since they are conducted on the ideal environments. A 
technological breakthrough is needed to enable the clinical application of the microwave 
hyperthermia system, which is not currently available. Within the scope of this thesis a brief literature 
review of the popular numerical methods and their applications that have shaped our understanding 
of the current issues is provided. Their advantages and drawbacks are discussed. This chapter then 
suggests possible solutions to address current challenges and their limitations for the focusing 
techniques of microwave hyperthermia. Methodologies used for solving 3D EM - thermal problems 
are then introduced. Finally, breast models that are electromagnetically and thermally realistic are 
presented. 
1. Existing non-invasive approaches for localized heating tumour of the 
breast 
Hyperthermia is a cancer treatment where elevated temperatures causes direct cytotoxicity [58] or 
enhanced sensitivity of cancerous cells when used as a nonionizing combination technique to other 
therapies, such as radiation therapy and chemotherapy [45, 59, 60]. The goal of hyperthermia for 
treating cancer, including breast cancer, is to elevate the temperature above 42℃ at the tumor location 
for a sufficient period of time while maintaining normal temperatures in other areas [61].  
Over the past decade, studying non-invasive microwave hyperthermia for breast cancer treatment 
has drawn tremendous interest from researchers worldwide. Previous studies have shown that 
microwave hyperthermia is a promising non-invasive treatment for cancer, including breast cancer 
[34, 49, 52, 62-72].  However, one of the persisting challenges of breast cancer hyperthermia is the 
requirement to focus the microwave power at the target while preventing auxiliary foci in surrounding 
tissues. Many studies are dedicated to investigating different techniques for focusing microwave 
hyperthermia for non-invasive treatment of the breast [34, 49, 52, 62, 64, 65, 69-71, 73-78]. These 
studies present interesting results of focusing microwave power for breast cancer treatment, however, 
there are several drawbacks that need to be solved. 
In designing a non-invasive microwave hyperthermia system, the general approach is to utilise 
antenna arrays to transmit microwave signals that are constructively combined at the desired location 
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and destructively added elsewhere. As depicted in [77], power deposition is calculated by using the 
following formula: 
 
                                                 𝑄 =
1
2𝜎
|𝐸|2                                                                                    (2.1) 
Where: E(r) is the field distribution inside breast phantom 
The Q values will be then utilised to determine temperature distribution inside the breast phantom by 
applying the well-known Pennes bio-heat equation [67] 
                  𝜌𝑐
𝜕𝑇
𝜕𝑡
= ∇(𝑘∇𝑇) + 𝑤𝑏𝑐𝑏(𝑇𝑎 − 𝑇) + 𝑞𝑚                                                           (2.2) 
Where 𝜌, 𝑐, 𝑎𝑛𝑑 𝑘 are the density, specific heat, and thermal conductivity, respectively; 
𝑤𝑏 , 𝑐𝑏 𝑎𝑛𝑑 𝑞𝑚 are the mass flow rate of blood per unit volume, blood specific heat and the metabolic 
heat generation per unit volume, while 𝑇𝑎 is the temperature of arterial blood. The temperature 
distribution in the breast phantom is then calculated from the induced microwave power. 
 
 
Figure 2-1. Evaluation steps for non-invasive microwave hyperthermia 
To determine the temperature distribution in the breast phantom, the power dissipated per unit 
volume (Q) produced by the EM wave is first calculated while the thermal calculation is followed to 
estimate the temperature profile produced by Q. A general diagram of the procedure for the 
computational techniques used in breast hyperthermia is shown in Figure 2-1. Following this 
procedure, tremendous effort has been spent on studying non-invasive microwave hyperthermia for 
breast cancer treatment. To date, the published studies on controlled environments have shown 
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interesting results on localised heating in tumors for cancer hyperthermia treatment. Although these 
studies may use different techniques to maximize delivering microwave power to target locations, they 
can be divided into two main groups based on their propagation models. 
i. Two-dimensional (2D) computational techniques   
To assess the ability of focusing EM energy for effective microwave hyperthermia treatment of 
breast cancer, authors in [54] apply time-reversal (TR) and robust Capon beamforming techniques. 
The employed techniques are used to shape the transmitted signals temporally and spatially. The study 
is performed on a 2D simple breast phantom and circular array constructed from point sources. The 
results of the proposed approach show better focusing ability compared to existing methods and can 
provide necessary temperature gradient for microwave hyperthermia. However, this study is conducted 
based on simple propagation models.  
An improvement in propagation models is presented in [77, 78]. A study of the performance of 
ultra-wideband (UWB) and narrow-band (NB) microwave hyperthermia based on transmitting 
beamforming was investigated theoretically [78]. This study examines the difference between UWB 
and NB focusing hyperthermia treatment. It performed 2D simulations to determine power distribution 
and temperature profile throughout the 2D realistic numerical breast phantom. This approach uses 
space-time beamforming to determine input signals for the antenna array so that the energy deposited 
at a given location is maximised, while the energy is minimised in the remainder of the breast region. 
The study showed interesting results of selective heating at the tumor position. Moreover, it is 
concluded that UWB focusing produces more effective hyperthermia treatment compared to NB 
focusing. 
Also conducted in a 2D environment, the recent study in [75] has introduced an optimization 
technique to focus the microwave power inside the breast phantom. The approach exploits the Green 
function for solving the bio-heat equation and uses the optimal constrained power focusing method to 
design the antenna array. The proposed technique successfully achieves a globally optimal solution 
for array excitation signals. Thus, selective heating at the target location while avoiding hot spots 
elsewhere in the phantom is accomplished. 
Although the presented studies are conducted by using different techniques, they are performed on 
2D breast phantoms while the microwave power is delivered by ideal antenna arrays constructed by 
point sources. A major drawback of these methods is the use of a 2D object that makes no provision 
for the practical situation of microwave hyperthermia. Additionally, these approaches can only 
perform focusing microwave hyperthermia to a tumour located at the central plane of the antenna 
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array. Simple point sources are also used therefore the effect of the radiation pattern of actual antennas 
is ignored. While the proposed techniques show interesting results and useful knowledge of focusing 
microwave hyperthermia for breast cancer treatment, they are not practical due to the use of 
oversimplified propagation models.  
ii. Three-dimensional (3D) techniques   
The drawbacks of 2D computational techniques for non-invasive microwave hyperthermia are 
alleviated by performing 3D computational techniques. To overcome the breast model limitation, a 
numerical study using a 3D model was conducted [74]. Several breast models were used to study the 
sensitivity and robustness of noninvasive transmit beamforming for hyperthermia treatment. In 
comparison with previous studies, this study is an extension of [78] by using 3D patient-specific 
propagation models illuminated by an antenna array. The performance of transit beamforming for 
patients with widely varying breast tissue density is investigated. Moreover, this approach is also used 
to study the effect of narrow band and wide band frequency on the focusing of microwave power for 
hyperthermia. The study illustrates the potential of non-invasive microwave hyperthermia treatment 
via beamforming with assumed knowledge of the breast phantoms. Contrary to [78], it is concluded 
that the use of NB frequency is slightly better than WB focusing. Although the study uses a realistic 
breast model, it is conducted using ideal sources for antennas. 
The impractical source for focusing microwave power has drawn researchers’ attention recently 
[79, 80]. In the most recent effort, instead of using point source, a circular array of antennas was 
placed around a realistic breast model [80]. This work presents a preclinical hyperthermia system for 
the targeted treatment of breast cancer using an image-based time-reversal focusing technique. This 
study proposes a system in which 2D antenna arrays were used to transmit microwave power to 
realistic breast phantoms. Time-reversal techniques were employed to find a solution of the excitation 
signal for focusing at the target location. The study was confirmed by experiments. The simulated 
and experimental results of the preclinical system show the potential to improve non-invasive 
focusing microwave heating for thermal therapy. However the close inspection of the approach 
presented in [80] indicates that by operating at the low microwave frequency of 915 MHz, the system 
has a limited focusing capability. Thus, a high power (around 11 W per channel) was needed to 
achieve the required temperature of 42℃. Moreover the breast phantom used in [80] has a drawback 
of using realistic breast models without accounting for its thermal properties, which is an important 
factor in hyperthermia. While the presented results allow for focusing on different locations within 
the breast they do not include an actual tumour in the breast so cannot ensure that the focusing can be 
maintained at the tumour’s exact location. 
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To bring microwave hyperthermia closer to practice, there has recently been a significant growth 
in the development and application of hyperthermia in clinical medicine [81-83]. For instance, a 
clinical trial of local microwave hyperthermia for head and neck cancer [84] and local hyperthermia 
in recurrent breast cancer treatment [85, 86] were reported. Despite the encouraging results, a mature 
framework needs to be developed to solve the confronting problem at hand; modelling a complete 
non-invasive hyperthermia system in a suitable 3D environment inclusive of a realistic breast model 
and realistic antennas. 
2. Electromagnetic and thermal simulators  
As discussed, to determine the temperature distribution in breast phantoms, the power dissipated 
per unit volume (Q) produced by EM waves is first calculated while the thermal calculation follows 
to estimate the temperature profile produced by Q. As depicted in [77], power deposition is calculated 
by using equation 2.1. Following that the Q values will be then utilised to determine temperature 
distribution inside breast phantom by solving classical Pennes bio-heat equation 2.2. 
To solve equation 2.2, Finite-Different Time-Domain (FDTD) is used to calculate EM power 
depositions in human models [78, 87]. The benefits of using this method are the ability to overcome 
modelling difficulties encountered from other methods, such as Method of Moment (MoM). Plus, it 
has been shown that the FDTD method can improve the accuracy in modelling dielectric interfaces 
as well as the ability to assemble large tumours. So far, such a method has some success in solving 
bio-heat equations, which is applicable for simple cases of modelled objects or a simplified one-
dimensional solution [87]. Contrast to FDTD, authors in [88] developed numerical methods based on 
finite difference discretisation schemes for simulations and modelling of a 3D heat transfer problems 
in human bodies. This study shows that by using the unconditionally stable numerical solution for 
Pennes heat equation, the proposed approach can be used to model 3D heat transfer problems in 
human bodies. Although the study demonstrates the potential to accomplish 3D modelling bio-heat 
equations in biological bodies, the used iterative method consumes more than 30 CPU per second to 
yield the outcomes for a small studied object. To utilise the advantages of the method in [88] and to 
be able to model complex objects, in this research, Microwave Studio (CST) is utilised to solve 
equation 2.1 and 2.2. CST, which is based on the finite different technique, provides convenient 
simulators that are able to accurately solve 3D EM problems in a large simulation environment with 
human models.  
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The process of using CST to calculate the thermal profile in a breast model is divided into two 
simulation projects. First the power distributions are evaluated by performing EM simulation projects. 
Following that, the calculated power is then imported to thermal projects so that the induced 
temperatures within the breast are determined. Contrary to other simulators, such as HFSS, in CST 
the two different EM and thermal simulation projects can be performed by using only one main 
project by simply switching between EM and thermal solvers. This property offers an important 
advantage to perform microwave hyperthermia, which involves solving 3D electromagnetic 
problems.  
i. CST coupled simulation project for microwave hyperthermia 
In order to achieve localised heating at the tumour, the excitation signals are optimized so that the 
microwave power transmitted by the antenna array achieves maximum value at the desired location. 
While the optimum phases of the excitations are determined by using the EM simulation project, the 
amplitudes are optimized by using thermal simulation projects which requires the results from the 
EM simulation for every iteration. However, in the normal procedure, the power calculated in the EM 
simulation project is manually imported to thermal simulation projects and used as input for the 
temperature calculation. Therefore, in order to perform the optimization, a coupled project of EM and 
thermal simulations is built. First, the power distribution is determined by using EM simulation and 
then it is automatically imported to the thermal simulation project to start the temperature calculation 
as depicted in Figure 2-2. This coupled project is built by using result templates, which are integrated 
in CST [89]. An example is portrayed in Figure 2-3. In this example, the thermal project is 
automatically started by the “Run Thermal Solver” template while thermal losses are calculated from 
the EM simulation project by using “Get Double Results” template. The use of template based 
simulations allow the creation of a closed loop of EM and ther- 
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Figure 2-2. CST coupled simulation project 
 
 
 
Figure 2-3. CST template based simulation project 
-mal simulation projects so that the optimization method can be applied to find the excitation signal 
for the antenna element. This proposed simulation setup provides the ability to use CST for the 
investigation of focusing microwave hyperthermia. 
ii. Matlab - CST linked simulation method  
While the coupled simulation project can be used to determine optimised excitation signals for 
microwave hyperthermia, the built-in optimisation methods in CST face difficulty when applied to a 
higher degree of complication in the environment whereby larger computational efforts are needed. 
Owing to this issue, a new simulation method is required. Briefly, CST is used as a simulator to define 
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power and thermal distributions while Matlab is used to control the operation of CST. In this 
suggested approach, a link between Matlab and CST is built as depicted in Figure 2-4. Within CST, 
instead of manually performing the modelling and simulation of 3D EM problems, a Macro, which 
is based on Visual Basic (VBA) language, can be used to operate CST including executing a 
simulation project and importing/exporting data. Using this feature, various VBA scripts are 
generated by using Matlab. Such scripts provide appropriate commands depending on the required 
operation needed. To open a CST simulation project and run EM solver, for instance, two m-files are 
utilised. The first m-file is to create a VBA script, which has the commands to activate the EM solver 
and they will be loaded to CST. Following that, the second m-file contains the special code which is 
then used to open a project and load a VBA script into the project. The example of this simulation is 
presented in Figure 2-5.  
 
  
 
Figure 2-4. Proposed link of Matlab - CST  
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(a) 
 
(b) 
 
Figure 2-5. An example of Matlab codes to build VBA for simulating EM in CST (a) m-file for 
EM solver (b) m-file for opening a CST project and loading appropriate VBA script. 
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This method offers many advantages over the CST coupled simulation method. First, since Matlab 
can remotely control CST, a global optimisation technique can be implemented without causing larger 
computations in CST. Plus, this method is applicable to simulate power and temperature distributions 
in a complicated environment, that is 3D antenna arrays and realistic breast models, which requires 
huge computational effort.  
3. Numerical breast phantoms used for investigating microwave 
hyperthermia of the breast  
In order to build realistic environments for the investigations of focusing microwave hyperthermia, 
numerical breast phantoms are required. As discussed earlier, one of the main drawbacks of the 
previous studies is the utilisation of simple breast phantoms, therefore in this thesis, patient-specific 
breast models are created. The main requirement for the phantoms is to anatomically and biologically 
mimic the human breast. Therefore MRI data taken from real patients [90] is adopted to build the 
required breast models. The data is derived from T1 weighted MRI while patients stays in prone 
position with 0.5 mm solution. Several data sets, which define different types of breast models, are 
reported in [90].  
In this thesis, since such a realistic breast model is not available in CST, which is our chosen 
simulation tool, the MRI data is processed so that it can be imported to CST to construct the desired 
phantoms. The general procedure of creating CST imported breast phantoms has three main steps. 
First, the structural data has to be constructed. This data defines the structure of the breast phantom 
by assigning each breast tissue’s type with a particular number as depicted in Table 3-1. Since the 
patient-specific breast data is in a form of one dimensional (1D) matrix, the 1D matrix is re-organised 
and saved as a 3D matrix, which is the required format for establishing 3D breast structure in CST. 
Following that, a corresponding material file, including dielectric and thermal properties, for each 
tissue are created. Each tissue type is assigned with its corresponding number, which is similar with 
one in structural data, and properties, which are adopted from [74, 91]. Finally, in order to import the 
structural data to CST, a voxel file is generated. The voxel file has the information about the 
dimensions of the breast model associated with the structural file. Moreover, this voxel file is also 
linked to the appropriate material file so that correct material can be assigned to each imported voxel 
in CST. 
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Table 2-1: TISSUE TYPE AND CORRESPONDING MEDIA NUMBERS 
 
Tissue type Media number 
Medium outside the breast -1 
Skin 1 
Muscle 2 
Fibroconnective/glandular -1 3 
Fibroconnective/glandular -2 4 
Fibroconnective/glandular -3 5 
Transition 9 
Fatty-1 6 
Fatty-2 7 
Fatty-3 8 
Tumour 10 
 
Following the suggested procedure, a fatty breast model (breast ID: 071904) for CST, for example, 
is constructed. Figure 2-6 exhibits the breast structure vertically and horizontally plotted from the re-
organised matrix (3D). Generally, the phantom has 1.5cm thick skin, 1.5cm thick fat layer at the base 
of the breast and 0.5cm thick muscle chest wall. The 3D matrix is then stored into a structural file 
26 
 
while the material files for each tissue are generated as depicted in Figure 2-7 (a). From here the voxel 
file for the fatty breast is created as shown in Figure 2-7 (b). Finally, the generated files are imported 
to CST to build the required realistic breast phantom. Note that since the MRI data is taken from a 
healthy patient, a 1𝑐𝑚3 tumour is inserted into the 3D matrix to simulate stage two breast cancer [92]. 
Figure 2-8 (a) and (b) illustrate the breast anatomy with the inserted tumour in horizontal plane and 
3D structure, respectively. Whilst Figure 2-8 (c) and (d) portray the CST model of the fatty breast 
which are imported using the recommended procedure.         
 
Figure 2-6. A fatty breast phantom built in Matlab (a) horizontal plane (b) vertical plane. 
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Figure 2-7. An example of material file (a) and voxel file (b) for the creation of a fatty breast 
model. 
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Figure 2-8. Fatty breast model with inserted tumour (a), (b) Matlab model (c), (d) imported 
CST model. 
Following the same procedure of building breast phantoms, several breast models with different 
densities are also generated and constructed in CST. In order to increase the reliability of the current 
research, the breast phantoms used span from simple cases of fatty breast models to the most 
complicated cases, highly dense breast models. The breast phantoms are then utilised to build the 
realistic environments to investigate the focusing techniques for microwave hyperthermia. 
4. Conclusion 
This chapter summarises the existing non-invasive microwave hyperthermia method for breast 
cancer treatments. It shows that the previous studies have proposed promising techniques that can be 
used for the treatment of breast cancer. However, these approaches still present many challenges, 
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such as the simplicity of the models used. Such drawbacks are used to tailor the current research 
which will be presented in the following chapter. 
This chapter also briefly introduced the simulation tools that will be used to perform microwave 
hyperthermia in the realistic environment. This proposed simulation method provides the ability to 
solve 3D EM problems in complicated scenarios, which is the main limitation in previous studies of 
microwave hyperthermia. The methodology of building realistic breast phantoms was also presented. 
The phantoms were derived from patient-specific breast data which was first processed in Matlab and 
imported to CST in order to build the correct breast anatomy, while the breast tissue properties were 
estimated using the Debye model. These suggested simulation methods and the realistic breast models 
will be used to study 2D and 3D focusing techniques which will be reported hereafter. In the following 
chapter, the coupled simulation project is used to investigate the 2D focusing microwave power for 
hyperthermia in realistic breast phantoms, in which various types of breasts are used. Following that, 
the 3D focusing method using linked simulation of Matlab and CST, will be carried out to study the 
effectiveness of using 3D antenna for focusing microwave hyperthermia. 
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3  
Focusing Microwave Hyperthermia 
Using 2D Array via Trust Region 
Framework Optimisation  
 
In this chapter, a technique for non-invasive, microwave hyperthermia treatment for breast cancer 
using a 2D antenna array optimised by a Trust Region Framework method is presented. In the 
proposed technique, electromagnetic focusing on patient-specific breast models is implemented to 
concentrate power at the tumour position while keeping the power levels at other positions (healthy 
tissue) at minimum values. This step is realized by optimizing phase excitations of the antenna 
elements. A thermal analysis is then used to determine the scaling factor of the antennas’ excitation 
amplitudes to realize the required temperature at the tumour position. A closed-loop procedure 
ensures that there are no hot spots in any of the healthy tissues. The technique is tested in a realistic 
environment through numerical simulations which includes three-dimensional breast models and 
antenna arrays. In order to investigate the effect of the antenna element’s performance on microwave 
hyperthermia, two types of antennas are used to form the arrays. The first antenna is from the compact 
wideband Quasi-Yagi configuration, which will be reported in this chapter, while the second one is 
the well-known corrugated antenna. The results on fatty and dense breast models using two types of 
directional antennas validate the proposed technique. The investigations across wide frequency bands 
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indicate that the frequencies around 4.2 GHz and 4.5 GHz are optimum values for the hyperthermia 
treatment of dense and fatty breasts, respectively. 
This chapter is mainly based on the journal articles “Wideband and compact quasi-Yagi antenna 
integrated with balun of microstrip to slotline transitions” and “Microwave Hyperthermia for Breast 
Cancer Treatment Using Electromagnetic and Thermal Focusing Tested on Realistic Breast Models 
and Antenna Arrays”, which was accepted for publication by IEEE electronic letters in January 2012 
and Transaction on Antenna and Propagations in July 2015 respectively.   
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1. Introduction 
As discussed earlier, one of the major drawbacks of non-invasive microwave hyperthermia is the 
use of two-dimensional breast model and ideal antennas. To overcome the breast model limitation, a 
numerical study using three-dimensional model was conducted. In [74], several breast models were 
used to study the sensitivity and robustness of non-invasive transmit beamforming for hyperthermia 
treatment. Although the study uses a realistic breast model, it is conducted using ideal point sources 
for antennas. Using a similar approach, the recent study in [75] has introduced an optimisation 
technique to focus the microwave power inside the breast phantom. That approach exploits the Green 
function for solving the bio-heat equation and uses the optimal constrained power focusing method 
to design the antenna array. Although the study successfully shows selective heating at the target 
location while avoiding hot spots elsewhere in the phantom, it is illustrated using a two-dimensional 
model with an array modelled by point sources. In other recent efforts, [80] a circular array of 
antennas was placed around a realistic breast model. This work presents interesting results for a 
preclinical hyperthermia system for breast cancer treatment using image-based time-reversal focusing 
technique. In another approach [43], a horse-shoe antenna array arrangement was proposed for 
microwave hyperthermia treatment of the neck.   
Even though the previous studies have shown promising results of microwave hyperthermia 
treatment for breast cancer, they are based on several assumptions, which oversimplify the real 
environment of breast hyperthermia. They are conducted using either a two-dimensional models 
and/or ideal sources for the antenna elements. The previously used configurations [73-75, 77] ignored 
the radiation properties of realistic antenna arrays, which define the true direction and wave-front 
shape of travelling waves inside the phantom. Moreover, some of the previously presented systems 
suffer from a low power efficiency [80], while others, such as [43], are based on optimizing the 
specific absorption rate without thermal prediction or guarantee that no hot spots are generated.  
The close inspection of the approach presented in [80] indicates that by operating at the low 
microwave frequency of 915 MHz, the system has a limited focusing capability. Thus, a high power 
(around 11 W per channel) was needed to achieve the required temperature of 42℃. Moreover, while 
the used breast phantom in [80] has realistic electrical properties, the simulated and experimental tests 
of the system were implemented without considering the phantom’s thermal properties, which is an 
effective factor in hyperthermia, nor did [80] explain the thermal properties of that phantom and 
whether they match realistic values. Finally, the presented results in [80] include focusing on different 
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locations within the breast but without including a tumour in the breast to see whether or not the 
focusing can be maintained at the tumour’s exact location. 
In this chapter, we propose an efficient microwave hyperthermia system which uses an antenna 
configuration with controlled phase and amplitude excitations for an accurate focusing of microwave 
power at a tumour volume inside the breast. Based on our investigations, the proposed system uses 
the band around 4 GHz due to its reasonable compromise between the required signal penetration and 
beam focusing. By using an antenna array to focus microwave power to a realistic 3D breast model, 
our approach tackles the limitations from recent studies [75] where 2D breast model and point sources 
are used.    
The presented work performs three-dimensional microwave hyperthermia using realistic breast 
models and antenna array constructed, for power efficiency, using 4 sub-arrays. The focusing 
technique exploits the antenna radiation properties to achieve a selective heating at the desired 
location. In brief, the excitation signal at each antenna element is optimised to realize the desired 
temperature at the target location after a certain irradiation time while avoiding any hot spots inside 
the healthy tissues of the breast. While the excitation phases are determined by electromagnetic 
focusing, the real amplitudes (scaling factor) are calculated via thermal analysis. The obtained results 
in a realistic simulation environment validate our approach. 
2. Method 
To find the optimum frequencies that can be utilised for breast hyperthermia, this study looked at 
the frequency band 3-7 GHz, which is selected as a reasonable compromise between penetration and 
resolution. Additionally, the frequency band has been proven to be suitable for microwave 
applications in medicine [52, 74, 93]. The adopted approach includes two coupled analyses of a 
patient-specific breast: electromagnetic (EM) focusing and thermal analysis. At each frequency 
within the investigated band, a narrowband simulation is first performed to determine the frequency 
with the best performance defined by achieving the desired peak temperature at the centre of tumour 
with the heated area covering the whole tumour size. Wideband simulation centred at the optimum 
frequency is then executed to compare with the narrowband case. The effect of different antenna types 
on the focusing temperature is also studied by performing hyperthermia using two different antenna 
types.  
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Normally the temperature profile in the breast phantom is governed by Pennes bio-heat equation 
[67]: 
      𝐶𝑝(𝑟)𝜌(𝑟)
𝜕𝑇(𝑟)
𝜕𝑡
= ∇. (𝐾(𝑟)∇𝑇(𝑟)) + 𝐴0(𝑟) + 𝑄(𝑟) − 𝐵(𝑟)(𝑇(𝑟) − 𝑇𝐵)  (𝑊𝑚
−3)              (3.1) 
 
Where 𝐶𝑝, 𝜌, 𝐾, 𝐴0, 𝐵, 𝑇𝐵,Q are: specific heat, density, thermal conductivity, metabolic heat 
generation, capillary blood perfusion coefficient, blood temperature and power dissipated per unit 
volume respectively. The details of thermal parameters, which depend on the tissue type and their 
roles in Pennes heat equation can be found in [94]. The power density Q can be calculated from [77] 
                              𝑄(𝑟) = 0.5𝜎𝑒𝑓𝑓(𝑟)|?⃗? (𝑟)|
2    (𝑊𝑚−3)                                                   (3.2) 
𝜎𝑒𝑓𝑓 is the effective conductivity, E is the electric field.  
The parameter Q is determined from the electromagnetic focusing in a patient-specific breast 
model, whereas the temperature profile is determined using (1) with Q as the thermal source. In some 
special cases, where K and B are constants and 𝑄𝑟 = 𝐴0(𝑟) + 𝑄(𝑟) + 𝐵(𝑟)𝑇𝐵, the Green function 
can be used to solve equation 3.1 for the temperature at the desired position in the steady-state [95]. 
Notably, the required temperature at the target linearly depends on the power density Q, which has 
a quadratic dependence on the electric (E) field [75]. Hence, an effective hyperthermia treatment can 
be accomplished by shaping the temperature distribution, which can be achieved by optimising the 
electric field distribution inside the phantom via optimizing the excitation signals of the used antenna 
array. This approach enables disposing the power at the tumour location while avoiding any absorbed 
power elsewhere. Consequently, the desired temperature at the focal location is attained whilst 
unwanted hot spots are minimised in the surrounding areas of the tumour. 
While Q is determined in the EM focusing by optimizing E field distribution using the phase (𝛼) 
of the excitation signals as parameters, the final temperature distribution is obtained using a 
subsequent thermal analysis with Q as the primary source. The latter analysis uses the scaling factor 
(𝛽) of the excitation amplitudes of the antenna elements as the controlling parameter. For a successful 
hyperthermia treatment, the temperature at the target has to reach 42℃ while maintaining normal 
temperature at the surrounding areas.  A summary of the proposed procedure is depicted in Figure 3-
1.  
37 
 
 
 
 
Figure 3-1. Main steps of the proposed hyperthermia approach. 
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i. Quasi-Yagi antenna design 
In order to build the realistic environment for the study of focusing microwave hyperthermia, a 
wideband quasi-Yagi antenna utilising a microstrip-to-coplanar stripline balun is first designed, 
fabricated and tested. The antenna is designed to be compact, directional and wideband so that it can 
be used to form a circular array for a microwave hyperthermia system. The feeding structure of the 
antenna includes an ultra-wideband balun that is formed using a pair of microstrip-to-slotline 
transitions. The simulated and measured results of the proposed antenna indicate more than 70% 
fractional bandwidth with more than 10 dB return loss, more than 18 dB front-to-back ratio and 
around 4 dBi gain. 
Quasi-Yagi antennas have drawn huge interest due to their advantages over other antennas, such 
as their compact size, low profile, lightweight, and low-cost. The main elements of the antenna are 
the balun, driver, director and reflector. Due to the need to cover wide bandwidths in many 
applications, such as microwave imaging systems or modern telecommunications, the recent designs 
of quasi-Yagi antennas focus on implementing new techniques to increase the bandwidth [96-99]. 
The key factors to achieve that target include using wideband baluns in the feeding structure of the 
antenna and modifying the shape of the driver.  
The feeding structure of quasi-Yagi antennas plays the crucial role in the performance. The odd-
mode excitation needed for the driver, which is in the form of a centre-fed dipole, has to be maintained 
over the whole bandwidth by using a suitable balun. Baluns that are based on different types of 
transitions [96-99] are commonly used to create the required odd- mode excitation. Those balun 
configurations are able to offer a wide fractional bandwidth (up to 68%). However, the operational 
bandwidths of the antennas integrated with those baluns are around 50% fractional bandwidth at the 
best cases. 
Balun design: The configuration of the proposed balun is shown in Figure 3-2 as part of a complete 
antenna structure. The input port is converted from a microstrip line to a slotline using a wideband 
microstrip-to-slotline transition. The circular microstrip patch at the top layer and circular slots at the 
bottom layer are used to achieve the required impedance matching between the input microstrip line 
and the output slotline across an ultra-wideband. The slotline at the bottom layer is coupled to a 
coplanar stripline (CPS) at the top layer using another slotline-to-microstrip transition. The proposed 
balun creates equal in magnitude and out-of-phase signals across a wide frequency band in the CPS 
output. The input microstrip line of the balun is assumed to have 50 Ω impedance and each of the two 
branches of the microstrip line at the second transition has 35 Ω impedance in order to get a perfect 
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matching with the output port of the balun which is a 70 Ω impedance coplanar strip line. The 
impedance of the CPS is chosen at this value for a matched connection with the 70 Ω impedance of 
the center-fed dipole of the quasi-Yagi antenna in Figure 3-2(a). According to[100], the slotline width 
in the ground plane is chosen to have around 90 Ω impedance to get the required impedance matching 
at the transition.  
 
Figure 3-2. Proposed antenna (a) Overall view of the antenna (b) Top view (c) Bottom view 
The dimensions of the balun are optimised using the software HFSSv13. The final values in (mm) 
assuming the use of the substrate  RT6010 with 0.635 mm thickness, and 10.2 dielectric constant are: 
w1 = 0.59;  w2 = 1; ws = 0.27 ;  l2 = 4.3;    l3 = 2.6 ; r1 = 1.6; r2 = 1.6  ; ls = 3.1 ; d1 = 0.66 ; 
l1 = 5.76 ; and rs = 1.4. The overall dimensions of a single balun are 13 mm ×17 mm. 
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The balun is simulated and experimentally tested using a back-to-back configuration. The results 
shown in Figure 3-3 confirm that an ultra-wideband performance is realized with less than 1 dB 
insertion loss and more than 12 dB return loss at more than 100% fractional bandwidth. Moreover, 
the differential phase at the two CPS of a single balun is calculated as in Figure 3-3. The phase is 
equal to 180°±5° across the ultra-wideband from 3 GHz to 11 GHz. The results show that the balun 
suits our design aims for compact wideband quasi-Yagi antenna. 
 
Figure 3-3. Performance of two back-to-back baluns. 
Quasi-Yagi antenna design: A wideband quasi-Yagi antenna which employs the proposed balun 
as a feeding network is designed. Figure 3-2 shows the structure of the proposed quasi-Yagi antenna 
that is designed to operate across a wideband centred at 7.5 GHz. The antenna includes the proposed 
balun as a feeding part, a centre-fed dipole as a driver, one director and a reflector realized by the 
truncated ground plane of the balun. To get a perfect matching between the antenna and the balun, 
the driver is designed to be around half of the effective wavelength calculated at the centre of the 
band. A single director with length of around one third of the effective wavelength is placed in front 
of the driver and at a distance that is around quarter of the effective wavelength. This is the same 
distance between the ground plane and the driver. The final dimensions of the antenna are optimised 
to achieve the required bandwidth using the smallest possible size. The final dimensions of the 
antenna in (mm) are: l4 = 2.7; l5 = 3.4; l6 = 27; l7 = 29; w1 = 0.47; w2 = w3 = 1.11;  w4 =
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1.19; w5 = 1.2; wa = 0.74; d2 = 2.2; d3 = 4.4; rs = 1.3; ws = 0.3; ls = 3.1. The overall 
dimensions of the antenna are 29 mm× 27 mm. 
 
Figure 3-4. Fabricated quasi-Yagi antenna (a) Top view (b) Bottom view. 
Results: The proposed antenna is fabricated (Figure 3-4) and tested. The simulated reflection 
coefficient of the antenna and the measured results using a suitable vector network analyzer are shown 
in Figure 3-5. As can be seen from the plots, the antenna has a return loss that is more than 10 dB 
across the band from 4.5 to 9.7 GHz. This is equivalent to 70% fractional bandwidth. 
 
 
Figure 3-5. Simulated and measured performance.  
The gain of the antenna is also calculated and measured (Figure 3-5). The antenna has a gain that 
varies between 3.5 dBi at 4.5 GHz and 4.9 dBi at 9.7 GHz which is predictable for a single-director 
quasi-Yagi antenna. The measured gain varies between 3.3 at 4.5 GHz and 4.92 at 9.7 GHz. 
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Figure 3-6. Far-field radiation pattern at 7.5 GHz (a) E-plane (b) H-plane 
The far-field radiation pattern of the antenna is calculated and measured at the central frequency 
of 7.5 GHz at the two principal planes. Figure 3-6 shows that the front- to-back ratio of the antenna 
is better than 18 dB and the antenna has a broad, single main beam in the end-fire direction. 
ii. Antenna array configuration 
An antenna array consists of four linear sub-arrays was chosen to operate independently from each 
other and are placed around the phantom as depicted in Figure 3-7. In this study, the tumour centre 
was assumed at (-26,-12) (mm) from the origin point on the (x, y) plane. Thus, the antenna arrays 
produce the total field so that equation 3.1 is satisfied. The distance between each sub-array and the 
origin was selected to be 80 mm to ensure its suitability for any breast size.  
Two types of antennas were used in our investigations. Since our strategy for effective microwave 
hyperthermia is to utilise directional property of the arrays to obtain maximum E field distribution at 
the target location, the selected antenna elements is based on their radiation property, directivity and 
profile. One of them is the corrugated tapered slot antenna [101] and the other is a quasi-Yagi antenna 
which is designed earlier [102]. 
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Figure 3-7. Diagram of the investigated breast microwave hyperthermia. 
Both of those antennas have compact sizes, directional radiation and wide operational bandwidth. 
The two antennas cover the band of interest for this study, i.e. 3-7 GHz. The tapered slot antenna has 
dimensions of 45 mm × 45 mm, while the quasi-Yagi antenna has the compact size of 27 mm × 28 
mm. Details of the two antennas and their performances can be found at [101, 102].  The 
configurations of an individual sub-array constructed by corrugated tapered slot antenna and its 
radiation pattern in E planes are shown in Figure 3-8 (a) and (c). 
The sub array is chosen to have three antenna elements because of the space limitation and the 
requirement for the   antennas’ mutual coupling to be as low as possible. Figure 3-8 (b) shows the 
geometry of the antenna array formed by 4 sub-arrays surrounding the breast model in CST 
environment. Figure 3-8 (d) shows an example of the beam focusing of a sub-antenna array scanned  
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Figure 3-8. (a) Sub-antenna array constructed from three tapered slot antennas, (b) full antenna 
array, (c) radiation pattern of a sub-antenna array, and (d) modified excitation for a main beam 
direction of the sub-array at 𝜽 = 𝟏𝟏𝟒°. 
to the angle 𝜃 = 114° at four different frequencies. It is worth noting that in order to focus the  
mainbeam of the antenna array at certain direction, different frequencies require different values of 
antenna excitation phases. Moreover, it should be noted that the radiation patterns in Figure 3-8 (c) 
and (d) are from a sub-array with three antenna elements operating in free space. Therefore, the main 
beam is smaller and front-to-back ratio is different compared to a single antenna. Additionally, the 
figures show the possibility of directing the main beam of an array by simply changing the input 
excitation phases which is important feature for using such array for hyperthermia. However, these 
radiation pattern will not be the same when operated in the realistic environment due to the presence 
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of breast model. In this case, controlling the total field distributions within the breast instead of 
individual radiation patterns is the main concern to correctly heat the tumours.         
iii. Numerical breast phantom 
The numerical breast phantom used in this study is derived from MRI data taken from a real patient 
in the prone position [90, 91]. It has 0.5 mm × 0.5 mm × 0.5 mm resolution with 310× 355× 253 
voxels. A phantom representing fatty type of elder women and dense of younger women as classified 
by American College of Radiology [103] were selected for the investigations. The original phantom 
represents a healthy subject. Thus, a 1 𝑐𝑚3rectangular tumour at the position of (-2.6, -1.2, 0) cm 
from origin is inserted inside the model. This tumour size represents stage 2 which is the most 
common stage of diagnosed of breast cancer according to the American Cancer Society [92]. To 
create a realistic breast model for CST simulations, the complete data set is processed in Matlab to 
create voxel data which is then imported into CST to perform the EM and thermal simulations. An 
overview of the fatty breast and very dense breast models processed in Matlab are shown in Figure 
3-9. These models are then imported into CST for simulation. The final model mimics the physical 
shape and anatomy of the human breast. It also includes the eight tissue types: skin, muscle, glandular-
1,2,3 and fat-1,2,3 depending on their water-content levels [90, 91]. 
For the EM analysis, the tissue dispersion characteristics are treated using a single-pole Debye 
model [104]: 
                           𝜖?̂?(𝑤) = 𝜖𝑑
′ (𝑤) − 𝑗𝜖𝑑
′′(𝑤) = 𝜖∞ +
∆𝜖𝑑𝑛
1+𝑗𝑤𝜏𝑑𝑛
+
𝜎𝑠
𝑗𝑤𝜖0
                                            (3.3) 
where 𝑤 is the angular frequency, 𝜖𝑑
′ (𝑤) is the frequency dependent dielectric constant, 𝜖𝑑
′′(𝑤) is 
the frequency dependent dielectric loss (which can be converted to the effective conductivity 𝜎(𝑤) =
𝑤𝜖0𝜖
"(𝑤)), 𝜖∞, ∆𝜖𝑑𝑛, 𝜎𝑠 and 𝜏𝑑𝑛are fitting parameters. Table 3-1 lists the specific Debye parameters 
for each material for the band of interest [104]. To consider a challenging scenario investigated in 
[74], we took the case of tumour having similar dispersive properties of highest dispersive glandular 
tissues-1 throughout the used frequency band. To perform temperature calculations, the thermal 
properties of breast tissues [74] as reported in Table 3-2 are used. Contrary to [77], which assigned 
fatty and glandular tissues to have similar thermal property, in this study, we took the realistic, but 
challenging scenario where fatty and glandular tissues have different thermal properties and the 
tumour has the same thermal conductivity as the glandular tissues [74]. To minimize the skin heating 
effect, a convective boundary condition is applied at the skin surface to emulate the effect of cooling 
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liquid at 15℃ with a reasonable convective coefficient of 200 𝑊/𝑚2℃ [105, 106] that can be 
realized using a cooling medium [77]. The antenna array and breast phantom are immersed into the 
cooling liquid during the simulations.   
 
Figure 3-9. Distribution of relative permittivity of the used breast models at 4GHz (a), (b) fatty 
breast, and (c), (d) very dense breast. 
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Table 3-1: DEBYE PARAMETERS FOR BREAST TISSUES 
 
 
 
 
Tissue  𝝐∞ ∆𝝐𝒅𝒏 𝝉𝒅𝒏(𝒑𝒔) 𝝈𝒔(𝑺/𝒎) 
Fat-3 2.848 1.104 13.00 0.005 
Fat-2 3.116 1.592 13.00 0.005 
Fat-1 3.987 3.545 13.00 0.05 
Gland-3 12.99 24.40 13.00 0.397 
Gland-2 13.81 35.55 13.00 0.738 
Gland-1 14.20 40.49 13.00 0.824 
Skin 15.93 23.83 13.00 0.831 
Muscle 21.66 33.24 13.00 0.886 
Tumour 14.20 40.49 13.00 0.824 
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 Table 3-2: THERMAL PROPERTIES OF BREAST TISSUES 
 
iv. Trust Region Framework Optimisation 
The utilised procedure includes EM focusing and thermal analysis. The excitations of each sub-
antenna arrays are pre-calculated to direct their main beams towards the tumour location. In details, 
for each sub-array the phase difference 𝜑 between antenna elements is adjusted so that the maximum 
radiation of that sub-array is oriented at angle 𝜃, which is defined by the locations of the sub-array 
and tumour. The phase difference is calculated as [107]:  
                                                       𝜑 = −𝑘𝑑𝑐𝑜𝑠𝜃                                                                      (3.4) 
Where k, d and 𝜃 are the wave number, distance between antenna elements and scanning angle, 
respectively. To get accurate initial excitations, the wave number is calculated assuming the average 
dielectric constant of 6.5 for the breast and coupling/cooling medium.  
These pre-calculated values are used as initial values in the EM focusing. The pre-calculations are 
then optimised using the Trust Region Framework, which is a simple yet powerful tool for solving 
nonlinear problems. The full details of that optimisation method can be found in [108]. A brief of the 
method as applied to this work is given hereafter. Since Q can be calculated from equation 3.2, the 
Tissue  𝐶𝑝 
(𝐽/𝑘𝑔℃) 
𝜌  
(𝑘𝑔/𝑚3) 
𝐾 
(𝑊/𝑚℃) 
𝐴0 
(𝑊/𝑚3) 
𝐵 
(𝑊/𝑚3℃) 
Skin 3765 1085 0.397 1620 5929 
Fat 2279 1069 0.306 350 2229 
Gland  
& 
Tumour 
3600 1050 0.5 690 2700 
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EM focusing objective is to maximize the power distribution 𝑄𝑟 at the tumour while minimizing the 
power 𝑄ℎ in healthy tissues. To that end, the objective function can be expressed as: 
 
                                                          min 𝑓(𝜑) =
𝑄ℎ(𝜑)
𝑄𝑟(𝜑)
                                                            (3.5) 
 
Where 𝑄ℎ(𝜑), 𝑄𝑟(𝜑) are power dissipated per unit volume, produced by the antenna array using 
the excitation phases 𝜑 = [𝜑1, 𝜑2, 𝜑3, 𝜑4] in each sub-array, in healthy tissues and tumour, 
respectively. To ensure that equation 3.4 achieves a global minimum, 𝑄ℎ is determined as maximum 
power in healthy tissues (excluding skin area due to the effect of cooling medium). The 
aforementioned unconstrained minimization problem is solved in Trust Region Framework by 
introducing a constrained sub-problem, which is a reduced model of the unconstrained objective 
function equation 3.5. At every iteration, the reduced model 𝑚𝑘 is created from a step 𝑠𝑘 and 
presented as follows [108]. 
 
                                        𝑚𝑘(𝜑𝑘 + 𝑠) = 𝑚𝑘(𝜑𝑘) + 𝑠𝑔𝑘 +
1
2
𝑠𝐻𝑘𝑠                                              (3.6) 
        
Where 𝑚𝑘(𝜑𝑘) = 𝑓(𝜑𝑘), 𝑚𝑘(𝜑𝑘 + 𝑠) is a reduced model of 𝑓(𝜑𝑘), k is number of iterations, 𝑠𝑘 
is step at iteration k, 𝑔𝑘 is the gradient of 𝑓 at the current point 𝜑𝑘, H is a symmetric matrix of second 
derivatives. The optimisation becomes a constrained optimisation problem by imposing trust-region 
constrain (∆𝑘) for step s. 
 
                                            𝑚𝑖𝑛 𝑚𝑘(𝑠)     where   ||𝑠|| ≤ ∆𝑘                                              (3.7) 
 
Normally trust-region constrain ∆𝑘 is chosen to have elliptical or spherical shape. Based on the 
previous discussion, our EM focusing optimisation can be conducted as follows: 
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1. Initialize by setting k=0, ∆0> 0. Calculate 𝑓(𝜑0) with 𝜑0 is matrix of initial pre-calculated 
phase differences. 
2. Choose constants for Trust-region updating: 𝛾1, 𝛾2 and 𝛿1, 𝛿2. Reasonable values are [108]: 
     𝛾1 = 0.01, 𝛾2 = 0.9 𝑎𝑛𝑑 𝛿1 = 𝛿2 = 𝛿 = 0.5  
3. For i=1:k   
i) Build model 𝑚𝑘(𝑠)from equation 3.5 
ii) Solve the trust-region sub-problem approximately to find 𝑠𝑘 for which 𝑚𝑘 < 𝑓 and 
||𝑠𝑘|| ≤ ∆𝑘. This step is completed by using a steepest descent step constrained by the trust 
region. 
iii) Compute 𝑓(𝜑𝑘 + 𝑠𝑘) and define  
                   𝜌𝑘 =
𝑓(𝜑𝑘)−𝑓(𝜑𝑘+𝑠𝑘)
 𝑚𝑘(𝜑𝑘)− 𝑚𝑘(𝜑𝑘+𝑠𝑘)
                                                           (3.8) 
iv) Update Trust-region radius. 
If 𝜌𝑘 ≥ 𝛾2then set  𝜑𝑘+1 = 𝜑𝑘 + 𝑠𝑘 and ∆𝑘+1= 𝛿∆𝑘 
Else If 𝜌𝑘 ≥ 𝛾1then set  𝜑𝑘+1 = 𝜑𝑘 + 𝑠𝑘 and ∆𝑘+1= ∆𝑘 
Else 𝜌𝑘 < 𝛾1 then set 𝜑𝑘+1 = 𝜑𝑘 and ∆𝑘+1= 𝛿∆𝑘 
Increase k=k+1 
End 
The optimisation stops when it converges, as defined by the following condition for the norm of 
the objective function’s gradient: ‖∇𝛽𝑓(𝜑𝑘)‖ ≤∈𝑔, where ∈𝑔=1. 𝑒
−4, or when reaching the 
maximum number of iterations.  
While the starting points of the optimisation is calculated by using Matlab, the optimisation is 
conducted in CST by using the Trust-Region Framework. For the efficient utilization of power, this 
step also deactivates the antenna sub-array that has the least impact on Q at the tumour location.  
In the thermal analysis, the antennas’ excitation amplitudes are determined via scaling Q 
distribution by the factor (𝛼), which is used as input for the thermal simulation aiming to produce 
temperature ≥ 42℃ at the target location. Contrary to previous studies, in our approach each sub-
array is scaled by different factors  𝛼𝑖 for the best possible power efficiency. In order to determine 
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the scaling factors for each sub-array, the thermal analysis consists of coupled EM and thermal 
simulations; while EM simulation is used to calculate Q distribution, the temperature distribution is 
determined by thermal simulation. During the thermal analysis process, Trust Region Framework is 
utilised to optimise the scaling factors for the antenna array (amplitudes optimisation) while the 
excitation phases 𝜑 are determined from EM focusing.  
The goal of thermal analysis is to raise the temperature in the tumour volume (1𝑐𝑚3) to ≥ 42℃ . 
Thus, if we denote 𝛼 = [𝛼1, 𝛼2, 𝛼3, 𝛼4], where 𝛼𝑖 is the scaling factor of the  𝑖
𝑡ℎ sub-array, the 
objective function for the Trust-Region Framework can be expressed as 
                                            min 𝑓(𝛼 ) = |𝑉0 − 𝑉𝑡𝑢𝑚𝑜𝑟
42℃ (𝛼)|                                                        (3.9) 
Where: 𝑉𝑡𝑢𝑚𝑜𝑟
42℃ (𝛼) and 𝑉0  are the volume within the tumour location at which the temperature of 
42℃ is realized using the scaling factor 𝛼 , and volume of tumour, respectively. The optimisation 
problem can be solved by following the Trust Region Framework algorithm mentioned previously. 
At every 𝑘𝑡ℎ iteration, 𝛼 is updated based on the values of 
                                                  𝜌𝑘 =
𝑓(𝛼𝑘)−𝑓(𝛼𝑘+𝑠𝑘)
 𝑚𝑘(𝛼𝑘)− 𝑚𝑘(𝛼𝑘+𝑠𝑘)
                                                             (3.10) 
The final temperature distribution from thermal analysis is then used for hot spot check. If there is 
no hot spot in the healthy tissues, 𝑇ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑡𝑖𝑠𝑠𝑢𝑒𝑠 < 42℃, the simulation stops and thus the input 
excitations for antenna elements are determined via 𝛼 𝑎𝑛𝑑 𝜑 . Otherwise, the simulation restarts from 
EM focusing using the current iteration’s phases of 𝜑 as starting point, while the excitations’ 
amplitudes are reset to unit values.  
While different antenna array configurations can be utilised, an antenna array constructed from 4 
sub-arrays as shown in Figure 3-7 is used in this work. Each sub-array is placed at distance d from 
the breast centre. An angle 𝜃 is assumed between the tumour centre and the origin point from the sub-
array’s perspective. The same angle thus defines the required mainbeam direction of that sub-array. 
The final E field distribution is obtained by combining constructively the E fields from the sub-arrays. 
Hence the maximum total field at a specific location can be obtained at the region of interest. More 
precisely, the input excitation phase at each antenna element is optimised so the highest dissipated 
power is located at the target. 
52 
 
3. Results and discussion 
The aim of this work is to raise the temperature to above  42℃ in a volume of 1 𝑐𝑚3 at the tumour 
location, while maintaining normal temperature at the healthy breast tissue. In our study, CST 
Microwave Studio was chosen for the simulations. It includes the co-simulation of EM focusing and 
thermal analysis. Our strategy is to first perform EM focusing to obtain the optimised excitation 
phases for the antennas using the Trust Region Framework. The thermal analysis is then carried out 
to optimise the scaling factors for each sub-array to produce the desired temperature at the target 
location. In this step, the EM and thermal simulations are coupled together. 
The simulations are stopped when the steady state temperature achieves the desired value at the 
tumour location while confirming that the temperature at the other locations is at the normal levels. 
The final temperature distribution is realized using an appropriate scale factor, which is accordingly 
used to compute the required excitation amplitudes for the antennas. 
Throughout the simulations, a Gaussian pulse is used as input excitation signals for EM focusing. 
The realistic temperature of 37℃ is chosen for the body, while the background is assumed at the 
room temperature. Following the simulation process, the results for Q and temperature distributions 
inside a fatty breast model before optimizing the antenna’s excitation are depicted in Figure 3-10 (a) 
and (b). 
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Figure 3-10. (a) Q distribution (dB), and (b) thermal profile (℃) at 3.5 GHz before optimisation. 
|?⃗⃗? |𝟐 (V/m) inside fatty breast at 4.5 GHz (c) before and (d) after optimisation inside a fatty 
breast. 
Figure 3-10 (a) shows the spatial distribution of Q. The presence of tumour and glandular tissues 
introduce a local increase in the absorbed EM power due to their higher conductivity compared to the 
surrounding fat tissues. The temperature profile in Figure 3-10 (b) obtained with from Q distribution 
of Figure 3-10 (a) is used as input for the thermal simulation. The Q and temperature distributions 
show that uniform excitation signals produce two possible hot spots at the tumour and glandular 
tissues equivalent to the higher Q distribution at these locations as expected. To avoid increasing 
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Table 3-3: OPTIMISED VALUES OF ANTENNA ELEMENTS AT 4.5 GHZ. SUB-ARRAY 1 IS 
DEACTIVATED IN THIS CASE 
 
Q at glandular tissues, the excitations of each sub-array is optimised so that the total field at the target 
location is maximized. To avoid causing unwanted hotspots, it was found that sub-array 1 had to be 
inactivated.  According to antenna and target location, the scanning angle of each sub-array is at first 
determined and used for excitation optimisation. 
Figure 3-10 (c) and (d) |?⃗? |2at 4.5 GHz before and after optimisation in fatty breast phantom. It is 
clear from the results that due to the use of optimisation, the field is focused at the tumour position. 
Moreover Figure 3-11 (a) and (b) shows the distribution of optimised Q at 3.5 and 4.5 GHz 
respectively. Compared to Figure 3-10 (a), there is significant change in Q distribution before and 
after optimisation. Moreover, the details of excitation signals as well as required input powers after 
the optimisation are presented in Table 3-3. It is clear from this table that the calculated initial values 
for the excitation are reasonable close to the optimised values. This validates the appropriateness of 
the used approach of initial excitations’ estimation. Table 3-3 also shows that our approach requires 
much lower input power compared to [80].  
On the other hand, Figure 3-11 shows distributions of optimised Q for narrowband excitation 
centred at 3.5, 4.5, 5.5 and 6.5 GHz. The maximum Q, therefore, is shown to occur at the target. The 
results produced by optimised phase excitations in each sub array introduce high power concentration 
at target while the power is less in similar conductivity tissues surrounding the tumour. Figure 3-11 
Sub-array number 
Sub-array 
2 
Sub-array 3 
Sub-
array 4 
Phase difference 
(degrees) between 
antenna elements in 
each sub-array 
Before optimisation 70 -55 -49 
After optimisation 50 -45 -40 
Input power (W)  After optimisation 5 6 5 
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Figure 3-11. Optimised Q distribution induced inside the fatty breast phantom at (a) 3.5 GHz, 
(b) 4.5 GHz, (c) 5.5 GHz, and (d) 6.5 GHz. 
 
also shows that at 4.5 GHz, the highest value of Q appears at location (-2.6,-1.1) (cm) which is closest 
to the centre of the tumour while at other frequencies the centre of maximum Q moves slightly  away 
from the centre point.  
Moreover, when the frequency increases, the highest absorbed EM power concentrates near the 
skin areas. This is an expected result as the wave penetration decreases when frequency goes up. It 
may lead to skin heating effects; however, the used water cooling is sufficient to keep the skin 
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temperature at a safe level [82] as confirmed in Figure 3-12, which shows the temperature profile 
obtained when each of the four scaled versions of Q distributions in Figure 3-11 are used as input into 
the thermal simulation. The contour lines are created to demonstrate temperatures from 38℃ − 42℃ 
with 2℃ increment. The highest temperature in the phantom is marked by a cross which represents 
the position (-2.65,-1.05) (cm), (-2.6, -1.1) (cm), (-2.4,-1) (cm) and (-3.55,-0.8) (cm) at the frequency 
3.5, 4.5, 5.5 and 6.5GHz, respectively. Those temperature peak locations agree with the power 
distribution of Figure 3-11. The temperature distribution in Figure 3-12 reveals that the selective 
heating of the tumour can be achieved while temperature at the skin region is kept at around 25℃ and 
interior areas in the phantom are kept well bellow 42℃. Figure 3-12 also reveals that EM power 
concentration becomes more localized as the frequency increases from 3.5 to 4.5 GHz with less power 
concentrations near the surface areas. As a result, the area, which has a temperature higher than 42℃ 
is smaller at 4.5 GHz compared to 3.5 GHz. This can be explained by the increase in the directivity 
of the sub-arrays and achievable resolution with frequency. As the frequency goes up to 6.5 GHz, 
there is a considerable increase in the EM power absorption near the skin areas. Therefore, while the 
tumour region is still heated with the desired temperature, the area of heated region is enlarged relative 
to that at lower frequencies. Thus, the optimum choice of narrowband excitation depends on the 
required focusing resolution and penetration depth, which are patient-specific. If the frequency is too 
low, the heated area is larger than the desired area due to a wider beam width associated with poor 
resolution. If the chosen frequency is too high, then higher EM power is absorbed near the skin due 
to the reduced penetration of higher frequencies. 
For the fatty breast phantom, our investigations concluded that the optimum frequency for focused 
breast hyperthermia is around 4.5 GHz. At this frequency, the highest temperature (43.6℃) occurs at 
(-2.6,-1.1) (cm) which is closest to tumour centre and the heated region has a volume of ~1𝑐𝑚3. 
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Figure 3-12. Temperature distributions inside the fatty breast phantom with optimised Q 
distributions in Fig. 6 are used as input for thermal simulation. (a) 3.5 GHz, (b) 4.5 GHz, (c) 5.5 
GHz, and (d) 6.5 GHz. 
To test whether a band of frequencies can be used for a better hyperthermia, the proposed technique 
was applied with using the wide band 3-6 GHz. In this case, similar but a Gaussian signal with wider 
band is used to excite antenna elements. The results shown in Figure 3-13 indicate a successful 
selective heating. However, the use of wide band results in an increased absorbed power at the regions 
around the tumour and skin due to the sidelobe effect from the antenna arrays and the difficulty in 
maintaining the same direction of the radiation across the whole wide band. 
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Figure 3-13. (a) Q distribution and (b) temperature profile in the fatty breast phantom using 3-
6 GHz band. 
While higher Q near the surface of the breast is prevented from producing hotspots by the cooling 
medium, the extra absorbed power around the tumour causes a slight extension in the heated area. 
This extended heating area could be useful for shaping temperature focusing when a large heated 
region is required. However in our study, a single frequency is sufficient for selective heating of an 
early tumour of 1𝑐𝑚3volume.   
To investigate whether using different antenna elements has significant impact on shaping the 
heated region in the breast, the proposed techniques was tested when using an array of quasi-Yagi 
antennas. The 3D radiation patterns of a sub-array formed by three antenna elements of quasi-Yagi 
and tapered slot antenna are shown in Figure 3-14. While the sub-array of quasi-Yagi antennas 
(Figure 3-14 (a) and (b)) shows a narrower beamwidth compared to tapered slot antenna, it provides 
lower gain and front-to-back ratio. The obtained results in this case are shown in Figure 3-15. It was 
found that the same frequency of 4.5 GHz achieves the best temperature focusing at the tumour 
location with temperature of 42℃ in a volume of 0.8 𝑐𝑚3.  
Since the quasi-Yagi antenna has lower gain than the corrugated slot antenna, we noticed that we 
had to use a higher scaled factor in order to produce peak temperature similar to those obtained using 
the tapered slot antenna depicted in Figure 3-12 (b) which is around 43.6℃. 
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 Figure 3-14 (c) and (d) depict 3D results of Q and temperature distributions induced by quasi-
Yagi antenna. Figure 3-15 (c) shows the higher EM power is dissipated at the skin areas while Figure 
3-15 (d) reveals that the selective heating is achieved without introducing any hot spot. At 4.5 GHz, 
the two types of antennas result in the desired elevated temperature at the same location with similar 
peak values. The comparison between Figure 3-11 (b), Figure 3-12 (b) and Figure 3-15 (a), (b) shows 
that while the choice of antenna does not affect the optimal frequency value, it has a clear effect on 
the size and shape of the heated area. 
 
 
 
Figure 3-14 3D radiation patterns of quasi-Yagi antenna. (a) and (b); tapered slot antenna (c) 
and (d). 
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To investigate the optimum frequency and reliability of the proposed hyperthermia method with 
other breast types, the proposed procedure was applied to a very dense breast model with an inserted 
tumour at the same location and size assumed in the fatty breast case. To obtain the optimum 
operational frequency, at every frequency within the bandwidth, the excitation signals are optimized. 
To that end, the optimum performance at every frequency is compared to choose the best operational 
frequency. Moreover, a realistic matching/cooling liquid, which can be easily developed using a 
mixture of materials [80] to realize a relative permittivity of 6.5, loss tangent of 0.06, and thermal 
conductivity of 0.02, is also used. It was found that the optimum frequency for the effective focussing 
of power at the tumour is 4.2 GHz. This is a lower value than the optimum frequency needed with a 
fatty breast due to the additional attenuation in microwave signals penetrating the dense breast. 
Notably, while the microwave hyperthermia system is designed in reality to operate optimum 
frequencies, wideband components (power dividers, phase shifters) are used to create optimized input 
signals for the system.  Figure 3-16 shows Q and temperature distributions at the optimal frequency 
4.2 GHz. It is clear from Figure 3-16 (d) that the required temperature is achieved at the tumour 
position without having any hotspot at the healthy tissues. 
 
Figure 3-15. Q distribution and temperature profile in the fatty breast phantom at 4.5 GHz 
using quasi-Yagi antenna. (a) and (b) 2D results. (c) and (d) 3D results. 
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Figure 3-16. Results for very dense breast model at 4.2 GHz: (a) Q distribution (dB), (b) 
Temperature profile 2D (℃), (c) Temperature profile in longitudinal plane (℃), and (d) 3D 
temperature distribution. 
4. Conclusion 
A hyperthermia approach for breast cancer treatment has been presented and validated in a realistic 
simulation environment. In the proposed technique, electromagnetic focusing on patient-specific 
breast models was implemented to concentrate the power at the tumour position while successfully 
keeping the power levels at other positions (healthy tissue) at minimum values. This step was realized 
by optimising the normalized amplitude and phase excitations of the utilised antenna elements. Then, 
a thermal analysis was used to optimise the scaling factor of the antennas’ excitation amplitudes to 
realize the required temperature at the tumour position. A closed-loop procedure ensures that there 
are no hot spots in any healthy tissue. It was found that the optimum frequency for breast hyperthermia 
is from 3.5 GHz to 4.5 GHz depending on the density of the breast. To alleviate the effects of body 
(a) (b) 
(c) (d) 
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movement on the focusing using those high frequencies, breast hyperthermia should be performed in 
a prone position. 
The approach discussed in this chapter has successfully shown the possibility of focusing 
hyperthermia treatment on different breast structures from a simple case; fatty breast, to the most 
complex case of a very dense breast. However, since a single layer of antenna array enclosing the 
breast has been used, the current approach is limited to focusing microwave power on a tumour 
situated at the plane of that array. The Trust Region Framework, moreover, is a local optimisation 
technique, therefore the optimised amplitudes and phases of antenna elements could be trapped in 
local optima. Accordingly, the next chapter will focus on the development of a three-dimensional 
antenna array that encloses the whole breast to focus power at tumours located at any position within 
the breast. A global optimisation algorithm will also be established so that the antenna array is 
operated by using globally optimised amplitudes and phases to drive the elements. 
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4 
Focusing Microwave Hyperthermia 
Using 3D Array and Particle Swarm 
Optimisation 
 
In the previous chapter, a focusing technique for non-invasive microwave hyperthermia treatment 
of breast cancer was investigated in a realistic environment. It was shown that by optimising the 
excitation signals for the antenna elements, the tumour can be locally heated to therapeutic 
temperature while preventing hot spots in healthy tissue. The effect of frequency and breast density 
were also examined. However, the flexibility of the proposed method was limited due to the 2D 
antenna array and the local optimisation algorithm used. These limitations were discussed in Chapter 
3 and it was shown that the heating sources can only be locally transmitted to targets located at the 
central plane of the antenna array. Therefore, in this chapter an improved approach is introduced to 
tackle the drawbacks from the focusing method proposed earlier.   
In the technique proposed in this chapter, microwave hyperthermia of patient-specific breast 
models is implemented using a three-dimensional antenna array based on differential beam-steering 
sub-arrays to locally raise the temperature of the tumour to therapeutic values while keeping healthy 
tissue at normal body temperature. This approach is realised by optimising the excitations (phases 
and amplitudes) of the antenna elements using the global particle swarm optimization (PSO) method. 
To that end, the antennae excitation phases are optimised to maximise the power at the tumour, while 
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the amplitudes are optimised to accomplish the required temperature at the tumour. The technique 
ensures that no hot spots exist in healthy tissue. To implement the technique, a combination of linked 
electromagnetic and thermal analyses using Matlab and the full-wave electromagnetic simulator 
(CST Microwave Studio) is conducted. The technique is tested at 4.2 GHz, which was shown to be 
optimised frequency for microwave hyperthermia in very dense breast case, in a realistic simulation 
environment built using a three-dimensional antenna array of 4×6 unidirectional antenna elements. 
As previously mentioned, microwave hyperthermia was successfully delivered to fatty breast model 
while persisting challenges remain in the very dense breast case. To tackle those remaining 
challenges, this chapter focuses on performing microwave hyperthermia for the high percentage gland 
tissue in a small breast structure. The results of testing on very dense three-dimensional breast models, 
which have realistic dielectric and thermal properties, validate the capability of the proposed 
technique for focusing power at the exact location and volume of tumour, even in challenging cases 
where tumours are embedded in the gland tissues. Moreover, the models indicate the capability of the 
technique for dealing with tumour at different on- and off-axis locations within the breast with high 
efficiency, which is twice the efficiency of recent works, in using the microwave power.   
This chapter is mainly based on the journal article “Three-Dimensional Microwave Hyperthermia 
for Breast Cancer Treatment in a Realistic Environment Using Particle Swarm Optimization”, which 
was submitted to IEEE Transaction on Biomedical Engineering in September 2015, accepted with 
minor revision resubmitted in June 2016.   
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1. Introduction 
A variety of configurations has been utilised for microwave hyperthermia investigations. Perhaps 
the simplest approach is the use of circular point sources accommodated around the studied object 
[75] [77]. A major drawback of those methods is the use of a two-dimensional (2D) object that makes 
no provision for the practical situation of microwave hyperthermia. Additionally, those approaches 
can only perform focusing microwave hyperthermia to a tumour located at the central plane of the 
antenna array. Moreover, simple point sources are used and thus the effect of the radiation pattern of 
actual antennas is ignored. A more reliable approach for localized heating tumour is to use a three-
dimensional (3D) antenna array circularly accommodated around realistic breast phantoms [74] [80]. 
By using beamforming [74] or time-reversal technique [80], those systems can indeed induce 
therapeutic heating in a given location within the gland tissue. However, the outcomes of those studies 
confirm their limitation in only focusing the power at a target located at the central plane of the array. 
Moreover, the reported studies either ignore the radiation properties of actual antenna [74] or have 
low power efficiency and ignore the thermal properties of the tissues [80].  
In a recent technique reported in Chapter 3 [109], an actual two-dimensional antenna array was 
used for focusing microwave power to a tumour seated in a three-dimensional patient-specific breast 
phantom. The localised heating at the tumour location was realised by optimising the excitation 
signals of the antenna elements (phases and amplitudes) using Trust Region Framework. However, 
the proposed approach has also the limitation of focusing the microwave power only to the central 
plane of the array. Furthermore, the adapted optimisation technique in [109] is a local algorithm; 
therefore, the optimum excitation signals may not be global values and thus additional iterations are 
needed to manually check the solution.  
This chapter alleviates the aforementioned limitations of previous systems by using a three-
dimensional antenna array and a global optimisation technique. Contrary to previous studies of 
microwave hyperthermia in which the array is constructed from simple point sources [54, 75, 77, 110] 
or multi layers of antenna elements surrounding breast phantom [74, 80], the proposed method uses 
differential beam-steering sub-arrays technique to pre-steer each subarray independently, instead of 
controlling the array at the element level. This method produces better shaped beam profiles with 
relatively low side-lobes and minimum loss in gain compared to traditional phased array designs [111, 
112]. Due to the complexity of the problem (optimizing excitations of 3D antenna array to focus 
power on a target located anywhere within a 3D breast), the global optimisation algorithm, Particle 
Swarm Optimisation (PSO), is employed. To that end, PSO is used to find the optimum excitation 
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signals to maximize power at the target, while preventing any hot spots in healthy tissue. Based on 
our previous investigations [109], the proposed system uses the band around 4 GHz as a reasonable 
compromise between the required signal penetration and resolution of beam focusing.   
2. Method 
To successfully perform microwave hyperthermia treatment, the temperature (T) at tumour 
location has to be more than 42℃, while a normal temperature is maintained in heathy tissue. 
Moreover, a microwave hyperthermia system should have the ability to raise the temperature at any 
tumour location within the breast. In this study, that aim is realised using a three-dimensional (3D) 
phased array, in which the transmitted microwave energy is spatially targeted at any location within 
the breast by applying the globally optimised antennae excitations. To that end the global optimisation 
technique Particle Swarm Optimisation (PSO) is used. The phased array is formed by grouping 
antenna elements into sub-arrays. Each sub-array is pre-steered to a desired direction so that the 
induced total electromagnetic (EM) field is constructively added at the target location and 
destructively combined elsewhere.  
Recall that the temperature profile in the breast is governed by well-known Pennes bio-heat 
equation [67]: 
 
   𝐶𝑝(𝑟)𝜌(𝑟)
𝜕𝑇(𝑟)
𝜕𝑡
= ∇. (𝐾(𝑟)∇𝑇(𝑟)) + 𝐴0(𝑟) + 𝑄(𝑟) − 𝐵(𝑟)(𝑇(𝑟) − 𝑇𝐵)  (𝑊𝑚
−3)            (4.1) 
 
Where 𝐶𝑝, 𝜌, 𝐾, 𝐴0, 𝐵, 𝑇𝐵,Q are: specific heat, density, thermal conductivity, metabolic heat 
generation, capillary blood perfusion coefficient, blood temperature and power dissipated per unit 
volume respectively. The details of thermal parameters of different breast tissues can be found in 
[94]. 
The well-known procedure to determine the temperature profile within breast model is to solve 
equation 4.1 using Q as the thermal source. The power density Q produced by an incident microwave 
signal is expressed as [77] 
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                                              𝑄𝑟(𝜑) = 0.5𝜎𝑒𝑓𝑓
𝑟 |?⃗? 𝑟(𝜑)|
2
       (𝑊𝑚−3)                                        (4.2) 
 
Where  𝑄𝑟(𝜑) is power density at position r produced by the input phases 𝜑, 𝜎𝑒𝑓𝑓 is the effective 
conductivity, and ?⃗? 𝑟(𝜑) is the electric field at r. The relation between the temperature T and power 
density Q is linear [75]. Thus, T can be calculated from Q distribution, which is in turn can be 
calculated if the electric field distribution is known based on (2). Hence, an effective hyperthermia 
treatment can be accomplished by optimizing the electric field distribution inside the phantom. Thus, 
the focusing problem for microwave hyperthermia is reduced to optimising the excitation signals of 
the antenna array. 
In the proposed method, the phases of the excitation signals in each sub-array are optimized to 
realize maximum Q at the focal spot, while the final temperature shaping at the target is realized by 
optimizing the amplitudes for each subarray.  The utilized procedure includes EM focusing and 
thermal analysis. The excitations of each sub-antenna arrays are pre-calculated to direct their main 
beams towards the tumor location. Let us denote 𝜑𝑖⃗⃗  ⃗ = (𝜑𝑎𝑧𝑖 , 𝜑𝑒𝑙𝑖) as the phase difference horizontally 
(𝜑𝑎𝑧𝑖) and vertically (𝜑𝑒𝑙𝑖) between the excitations of adjacent antenna elements in sub-array 𝑖
𝑡ℎ. 
from 𝜑𝑖⃗⃗  ⃗, the excitation’s phase for antenna elements within 𝑖
𝑡ℎsub-array can be determined based on 
the spatial distribution of the elements [24]. Hence that phase (𝜑𝑖⃗⃗  ⃗) needs to be optimized so that the 
maximum radiation of that sub-array is oriented at the target, which is at an angle (𝜃, ∅) with respect 
to that sub-array as shown in Fig. 1. The differential phase between any two neighboring antenna 
elements within the sub-array 𝑖𝑡ℎ includes two parts: The first part comes from the spatial location of 
each element with respect to the tumor as exhibited in Fig. 1 and can be calculated using the basic 
formulas in [23], whereas the second part (𝜉𝑎𝑧𝑖 or 𝜉𝑒𝑙𝑖) comes from the difference in excitation phase. 
Thus, the phase difference can be expressed as: 
 
                  {
𝜑𝑎𝑧𝑖 = −𝑘𝑑𝑎𝑧𝑠𝑖𝑛𝜃𝑐𝑜𝑠∅ + 𝜉𝑎𝑧𝑖
𝜑𝑒𝑙𝑖 = −𝑘𝑑𝑒𝑙𝑠𝑖𝑛𝜃𝑠𝑖𝑛∅ + 𝜉𝑒𝑙𝑖
                       (4.3) 
 
Where k, 𝑑𝑎𝑧, 𝑑𝑒𝑙, 𝜃 and ∅ are the wave number, distance between antenna elements and scanning 
angle in elevation and azimuth planes, respectively. To get accurate initial excitations, the wave 
number is calculated assuming the reasonable average dielectric constant of 6.5 for the breast and 
coupling/cooling medium. These pre-calculated values are used as initials in the EM focusing. The  
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Figure 4-1.  Diagram of the investigated breast microwave hyperthermia (a) Azimuth plane (b) 
Elevation plane 
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pre-calculated excitations are then optimised so that the field is maximized at the target location while 
it is minimized elsewhere to prevent any hot-spot. 
To optimise the excitations, the Particle Swarm Optimisation (PSO), which is effective in 
optimising multidimensional discontinuous problems [113], is used. The implementation of PSO in 
electromagnetic problems [114] in general and hyperthermia in specific is explained as follows: 
1. Define solution space: Define the parameters that need to be optimised and chose 
reasonable range where to search for optimal solution. This process designates the 
problem space and dimensions of the optimisation.  
2. Define fitness function: The chosen function accurately represents the goodness of the 
solution.  
3. Initialize random swarm location and velocity: the search of each particle for optimal 
solution in the solution space begins from its own random location and velocity. For the 
first iteration, each particle location is used to calculate its fitness value, which represents 
personal best of particles (pbest). The global best value (gbest) is then selected from 
amongst these pbests.  
4. Evaluate the particle’s fitness and compare to gbest, pbest: In every iteration and for each 
position of a particle, the fitness function returns a fitness value, which is compared with 
the previous pbest of the current particle to find a new pbest. If the new fitness value is 
better than previous pbest then pbest is updated. Otherwise pbest remains the same for the 
current particle. Similarly, the global gbest is replaced with the current location depending 
on current pbests of all particles.  
5. Update the particle’s velocity: The velocity of a particle is adjusted according to the 
relative location of gbest and pbest. It is updated according to the following equation: 
                      𝑣𝑛 = 𝑤 ∗ 𝑣𝑛 + 𝑐1𝑟𝑎𝑛𝑑() ∗ (𝑝𝑏𝑒𝑠𝑡,𝑛 − 𝑥𝑛) + 𝑐2𝑟𝑎𝑛𝑑() ∗ (𝑔𝑏𝑒𝑠𝑡,𝑛 − 𝑥𝑛)                  (4.4) 
where 𝑣𝑛is the velocity of the particle in nth dimension; 𝑥𝑛is the particle coordinate in the nth 
dimension; w is inertial weight; 𝑐1 𝑎𝑛𝑑 𝑐2 are scaling factor that determines the relative “pull” of  
𝑝𝑏𝑒𝑠𝑡 𝑎𝑛𝑑 𝑔𝑏𝑒𝑠𝑡 respectively. 
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1. Move to particle: Once the new velocity has been determined, the particle is moved to a 
new location. The new coordinate of the particle is calculated from 
                                     𝑥𝑛 = 𝑥𝑛 + ∆𝑡 ∗ 𝑣𝑛                                                                                      (4.5) 
where  ∆𝑡 is a given time step. 
2. Repeat: After the process is carried out for each particle in a swarm, the optimisation 
procedure is repeated starting from step 4. The optimisation process is looped until the 
maximum iteration is reached or a certain stopping condition is satisfied. 
To achieve the required EM focusing for microwave hyperthermia, the phase differences between 
each antenna elements within each sub-array are used as optimization parameters. Since (𝜑𝑎𝑧𝑖 ,  𝜑𝑒𝑙𝑖) 
defines the field distribution within the studied object, the term (𝜉𝑎𝑧𝑖, 𝜉𝑒𝑙𝑖) for each sub-array are the 
ones that need to be optimized according to (3). Since there are four sub-arrays, there will be a total 
of eight optimizations. At every iteration, 𝜉 = (𝜉𝑎𝑧1 , 𝜉𝑒𝑙1 , 𝜉𝑎𝑧2 , 𝜉𝑒𝑙2 , 𝜉𝑎𝑧3 , 𝜉𝑒𝑙3 , 𝜉𝑎𝑧4 , 𝜉𝑒𝑙4) is considered 
to be a particle within the swarm, which is formed by several randomized values of 𝜉. The outcome 
of the fitness function at every iteration will decide the movement, which is the particle’s velocity, of 
each particle based on its pbest and gbest. To be able to reach the global optimization result in a short 
time, the fitness function has to be designed so that it represents accurately the goodness of the 
solution. In this case, the fitness function has to closely reflect the relationship between the total field 
distribution and the phase difference in each sub-array. 
To apply PSO to EM focusing in hyperthermia, several assumptions and functions are needed. 
Recall that since Q can be calculated from equation 4.2, the EM focusing objective is to minimize the 
ratio of the maximum transmitted power 𝑄ℎ to healthy tissue over the power 𝑄𝑟 delivered to the 
tumour. According to [43], the hot spot to target specific absorption ratio (SAR) quotient (HTQ) can 
be used to avoid undesired heating in healthy tissue. It was concluded that if HTQ is less than 1, the 
resulted temperature induced in the tumour is always higher than other areas. HTQ provides an 
indication of the prominence of hot-spots relative to the target power and was previously shown to 
be predictive for simulated temperature in microwave hyperthermia. Furthermore, it was shown that 
by maximizing the ratio of average SAR or power in tumour region to other areas, the hotspots can 
be avoided [115, 116]. Moreover, it is worth recalling that T depends on Q in a linear manner, while 
Q has quadratic dependence on |𝐸|2. Therefore, instead of using average SAR or average power, the 
fitness function takes Qt(φ) as the power calculated at the tumour centre, while Qh(φ) is the 
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maximum power deposited in healthy tissue (excluding the skin area), which represent possible 
hotspots. To that end, the fitness function can be expressed as: 
                                                     min 𝑓(?⃗? ) =
𝑄ℎ(?⃗? )
𝑄𝑡(?⃗? )
                                                                       (4.6) 
 
Where 𝑄ℎ(?⃗? ), 𝑄𝑡(?⃗? ) are power dissipated per unit volume, produced by the antenna array using the 
excitation phases ?⃗? = [(𝜑𝑎𝑧1 , 𝜑𝑒𝑙1), (𝜑𝑎𝑧2 , 𝜑𝑒𝑙2), (𝜑𝑎𝑧3 , 𝜑𝑒𝑙3), (𝜑𝑎𝑧4 , 𝜑𝑒𝑙4)] in each sub-array.  
When using PSO to solve equation 4.6 for optimum 𝜑 for each sub-array, the solution space for 
each 𝜑  ranges from [−180°, 180°] to ensure global optima. To use equation 4.6, a population of 
fifteen was selected, 𝑐1 𝑎𝑛𝑑 𝑐2 were chosen to be 2 while w was set to linearly change from 0.9 to 0.4 
in 200 iterations. These parameters are reasonable values to ensure efficient global optimisation in a 
reasonable calculation time. A discussion on the effects of each parameter can be found in [113, 114]. 
The optimisation is terminated when the maximum number of iterations is reached or when a stopping 
condition 𝑚,  where m is the distance between the current optimum position and centre of tumour, is 
less than 10−3 [22] whichever comes first. For the efficient utilisation of power, this step also 
deactivates the antenna sub-array which is spatially farthest from the tumour location compared to 
the other sub-arrays and therefore has the least impact on Q at the tumour location. 
The power distribution Q is then used as a heating source to solve equation 4.1 using the thermal 
analysis, in which the excitation amplitudes are determined via scaling Q distribution by the factor 
(𝛼) to produce temperature ≥ 42℃ at the target location. Similar to [109], each subarray is scaled by 
different factors  𝛼𝑖 for the best possible efficiency of power. To determine the scaling factors, 
coupled EM and thermal simulations are performed to serve the thermal analysis. While the EM 
simulation is used to evaluate Q distribution, the subsequent temperature distribution is computed by 
thermal simulation. During the thermal analysis, the previously optimised phases (?⃗? ) are used while 
the amplitudes are determined by PSO. If we denote  ?⃗? = [𝛼1, 𝛼2, 𝛼3, 𝛼4], where 𝛼𝑖 is the scaling factor 
of the  𝑖𝑡ℎ  sub-array, the objective function for PSO is formed as: 
 
                                                  min 𝑓( ?⃗? ) = |𝑉0 − 𝑉𝑡𝑢𝑚𝑜𝑟
42℃ (?⃗? )|                                                       (4.7)   
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where 𝑉𝑡𝑢𝑚𝑜𝑟
42℃ (?⃗? ) is the volume within the tumour at which the temperature of 42℃ or more is realized 
using the scaling factor ?⃗?  , and 𝑉0  is the total volume of tumour. The optimisation is then solved by 
following the described PSO algorithm with 𝛼 = [𝛼1, 𝛼2, 𝛼3, 𝛼4] is the optimization parameter.  
To optimise the three-dimensional antenna array excitations using PSO, a combination of Matlab 
and CST is used in solving this complicated problem. While EM and thermal simulations are 
conducted using CST, the EM focusing and thermal analysis are conducted in Matlab.  Hence, a link 
between them is built to allow Matlab to externally control CST via several command lines. The 
procedure to determine antenna excitation phases in the EM focusing is shown in Figure 4-2. Firstly, 
the initial values are pre-calculated using the basic antenna array theory in Matlab based on the 
position of the sub-array and tumour. Secondly, these values are imported to CST for EM simulation 
while Q distributions are exported to Matlab where it is used to find the optimum excitation phases 
by performing PSO. The results of PSO are fed back to CST for further EM simulations. These steps 
are automatically operated by using the built link between Matlab and CST till globally optimised 
phases, which focus microwave power at the desired location, are obtained.  
Figure 4-2 also exhibits the procedure for the second major analysis, which is the thermal analysis. 
In this procedure, the amplitudes of antenna excitations are optimised so that the therapeutic 
temperature covering the whole tumour volume is reached. The coupled projects of EM and thermal 
simulation within CST are used to determine the temperature distribution within the breast. The 
results are then exported to Matlab for PSO optimisation. Next, the updated amplitudes from Matlab 
are transferred to CST for a new circle of EM and thermal simulations. The optimisation is stopped 
whenever the stopping condition 𝑚 < 10−3 is reached, or the maximum number of iterations is 
reached. 
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Figure 4-2.  The proposed microwave hyperthermia technique. 
 
3. Simulation environment 
To verify the effectiveness of the proposed technique, it is used to localised heating at various 
target locations in the challenging very dense breast model. The applied frequency is 4.2 GHz, which 
is shown to be about the optimised frequency for microwave hyperthermia treatment [109].   
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i. Numerical Breast Model 
The numerical breast phantom used in this study is derived from MRI data taken from a real patient 
in the prone position [91]. It has 0.5 mm × 0.5 mm × 0.5 mm resolution with 310× 355× 253 voxels. 
The challenging case of a very dense breast of young women as classified by American College of 
Radiology [103] was selected for the investigations. The original phantom represents a healthy 
subject. Thus, a tumour of 1 cm3 volume representing stage 2 of breast cancer [92] is inserted inside 
the model at the four different positions: (𝑥, 𝑦, 𝑧)𝑖 = [(0, -2.55, 0.5), (0.5, -2.3, 0.95), (-1.2, 2.3, -1.5), 
(0, 0, -1.85)] (cm) where i = 1:4 presents the cases 1 to 4. These cases represent the difficult scenario 
of tumour embedded in gland tissues. It is known that fatty and gland tissues have different thermal 
properties, but the tumour has the same thermal conductivity of the gland tissues making effective 
hyperthermia a challenging task. The thermal properties of breast tissues are reported in Table 4-1. 
To create a realistic breast models for CST simulations, the complete data set (voxels and their 
properties) is processed in Matlab to create voxel data which is then imported into CST to perform 
the EM and thermal simulations. An overview of the built breast models with inserted tumours are 
shown in Figure 4-3. 
 
Table 4-1: THERMAL PROPERTIES OF BREAST TISSUES 
 
 
 
 
 
 
 
 
 
Tissue  𝑪𝒑 
(𝑱/𝒌𝒈℃) 
𝝆  
(𝒌𝒈/𝒎𝟑) 
𝑲 
(𝑾/𝒎℃) 
𝑨𝟎 
(𝑾/𝒎𝟑) 
𝑩 
(𝑾/𝒎𝟑℃) 
Skin 3765 1085 0.397 1620 5929 
Fat 2279 1069 0.306 350 2229 
Gland  
& 
Tumour 
3600 1050 0.5 690 2700 
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Figure 4-3. Vertical (right) and horizontal (left) cross-sectional views of the relative permittivity 
distribution in the built breast models at 4.2 GHz for four different tumour positions.  
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The generated breast models (Figure 4-3) mimic the physical shape and anatomy of the human 
breast. It also includes the main tissue types: skin, muscle, average gland and average fat depending 
on their water-content levels [91]. The tissue dispersion characteristic and thermal properties are 
adopted from [74, 91]. To minimize the skin heating effect, a convective boundary condition is 
applied at the skin surface to emulate the effect of cooling liquid at 15℃ to minimise the heating 
effect of the skin. A reasonable convective coefficient of 200 𝑊/𝑚2℃ [105, 106], which can be 
realised using a cooling medium [77], is assigned to the skin tissue. During the simulations, the 
antenna array and breast phantom are immersed into the cooling liquid.   
ii. Array Configuration 
A 3D antenna array that consists of four planar sub-arrays surrounds the breast as depicted in 
Figure 4-4. To utilise the differential beam-steering sub-array approach, each sub-array is excited 
independently from each other. The distance between each sub-array and the breast centre was 
selected to be 80 mm to ensure its suitability for any breast size. 
Compact, directive corrugated tapered slot antenna [101] was used in our investigations because 
of its advantages of compact size and moderate directivity [109]. The used antenna element has the 
size of 4.5 cm× 4.5 cm on Rogers RT6010 with dielectric constant of 10.2 and thickness of 0.635 
mm. The antenna’s has 8 dBi gain and more than 10 dB return loss in the presence of breast phantom 
and coupling liquid at the 4 GHz band. The important features of the utilised antenna array are higher 
gain, better beam shaping and unidirectional wider angle covering compared to the phased array 
configuration in [111]. While high gain is used to achieve high power efficiency, the wide covering 
angle is used to enable focusing microwave power at targets positioned at different locations. The 
configuration of an individual sub-array constructed by the antennas is shown in Figure 4-4 (a). To 
utilise the available space around the breast while avoiding any significant mutual coupling between 
the antenna elements, a planar configuration of 3×3 elements is chosen for each sub-array. To that 
end, each element in a sub-array is placed at distance of (2.4, 5.9) (cm) vertically and horizontally, 
respectively, from each other. The centre plane of the antenna array is located at z = -1.85 (cm).   
77 
 
 
 
Figure 4-4. (a) Sub-antenna array constructed from three tapered slot antennas, (b) 3D antenna 
array surrounding a very dense breast model built in CST.    
4. Results and discussions 
Following the proposed procedure, the optimised excitations (phases and amplitudes) for antenna 
elements are determined by EM focusing and thermal analysis with the help of PSO. In the EM 
focusing, the phase differences between antenna elements in each sub-array define six parameters for 
PSO while temperature shaping at tumour is controlled by three scaling factors as one sub-array is 
inactivated for power efficiency. Having determined the parameters, the goal of the PSO 
implementation is now to develop an algorithm with optimal balance between global exploration and 
exploitation of local minima. Subsequently, a population of fifteen and ten were chosen for EM and 
thermal optimisation, respectively, to make the algorithm highly effective [114].         
Throughout the simulations, a realistic temperature of 37℃ is chosen for the body, while the 
background is assumed at the room temperature. Following the simulation process, the results for Q 
distribution in case 1 at different PSO iterations are depicted in Figure 4-5. While Figure 4-5 (a), (c), 
(e) and (g) represent Q horizontal distributions, Figure 4-5 (b), (d), (f) and (h) show vertical 
distributions of Q within the breast phantom at iteration 1, 66, 106 and 134 respectively. The tumour  
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Figure 4-5. Horizontal (left) and vertical cross-sectional views showing Q (𝑾.𝒎−𝟑) distribution 
induced inside the breast phantom in case 1 at (a)-(b) iteration 1, (c)-(b) iteration 66, (e)- (f) 
iteration 106, and (g)-(h) iteration 134. 
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centre is represented by a black dot in each figure. The optimisation stops at iteration 134  
since the maximum Q is achieved at the tumour’s centre. 
Several interesting conclusions can be drawn from the results of Figure 4-5. Firstly, a comparison 
between Figure 4-5 (a), (b) and Figure 4-5 (g), (h) shows that by pre-steering each subarray and using 
it as the initial excitations, the search for optimum values can be achieved for a realistic 3D scenario 
while avoiding the excessive computation time required with random initials. Secondly, since our 
focusing technique pre-steers each sub-array instead of controlling the array at the element level, the 
utilised approach can subsequently produce beam with lower sidelobes and minimum loss in gain. 
Thus, the most induced power is concentrated at the tumour, while less power is distributed elsewhere 
as depicted in Figure 4-5 (g), (h). 
 
Figure 4-6. Temperature distributions (℃) inside the breast when optimised Q in Fig. 5 (g) and 
(h) is used as input for the thermal simulation: (a)-(b) with scaled Q distributions, (c)-(d) with 
optimised Q for each sub-array. 
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It should be noticed that the tumour centre is vertically located 2.35 cm away from the centre plane 
of the antenna array, z = -1.85 (cm). Thus, the results in Figure 4-5 (g) and (h) confirm that by using 
the proposed technique, the power can be optimally delivered to tumour positioned at locations away 
from the central plane of the antenna array. As a result, microwave hyperthermia treatment for breast 
tumour is realized as shown in Figure 4-6 when scaled version of optimized Q is used. 
The thermal results when Q is scaled by the same factor (antenna elements are excited with the 
same amplitudes) are depicted in Figure 4-6 (a) and (b) while Figure 4-6 (c) and (d) represents the 
temperature distributions when Q is independently scaled for each sub-array (each sub-array is 
excited using different amplitudes). The contour lines are created to demonstrate to region that has 
temperature equal or higher than 42℃.  The highest temperature is marked by a black dot which 
shows the position (0, -2.55, 0.5), (cm). Notably, the temperature peak location agrees with the Q 
distribution in Figure 4-5 (g), (h) as expected due to the linear relationship between the power and 
temperature distributions. Moreover, the temperature distributions in Figure 4-6 confirm that 
localised heating of tumour can be achieved while the temperature at other regions is kept well below 
42℃. Figure 4-5 (g)-(h) and Figure 4-6 (c)-(d) show that by keeping the ratio of Q at tumour centre 
and the highest Q in heathy tissue greater than 1, the therapeutic temperature can be realized at tumour 
location while hotspots are avoided. In other word, it shows that the tumour is successfully heated to 
therapeutic temperatures without inducing any hotspots in healthy tissue. While the skin region is 
maintained at the temperature lower than 25℃ by cooling liquid, healthy tissue is kept at normal 
temperature.  The effectiveness of the proposed approach  is   further   confirmed  by  observing  the 
induced temperature within the tumor. The simulated hyperthermia treatment for this case yields a 
maximum temperature (Tmax) of 44.13℃ while T90 and T50 are 42.16℃ and 42.9℃, respectively. 
These results confirm that the tumor volume is exposed to therapeutic temperatures with Tmax lower 
than 45℃ without producing unwanted hotspots.         
The presented results in Figure 4-5 (g), (h) and Figure 4-6 (c), (d) confirm that by globally optimising 
the Q distribution, a focused microwave hyperthermia treatment at the tumour volume can be 
accomplished. Furthermore, a comparison between Figure 4-6 (a), (b) and (c), (d) shows that better 
temperature shaping for microwave hyperthermia treatment can be accomplished by optimising the 
excitation amplitudes for each sub-array. As can be visually inspected from Figure 4-6 (c), (d) the 
tumour region is optimally covered by required temperature. The calculated volume of the covered 
area is 1.05 𝑐𝑚3, which is almost the exact volume of the tumour at its exact location; however, for 
the case depicted in Figure 4-6 (a, b) before the optimisation, the covered volume is (1.46𝑐𝑚3), which 
is significantly larger than the tumour and clearly extended outside the tumour volume. The optimised 
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amplitudes and phases for each sub-array are reported in Table 4-2. The reported results in Table 4-
2 confirm that by using the proposed antenna configuration, higher power efficiency can be achieved 
as total power needed to successfully perform microwave hyperthermia treatment is 50 W, which is 
lower than the power needed in previous studies, such as more than 100 W in a recent work [80]. 
 
Table 4-2: OPTIMISED VALUES OF ANTENNA ELEMENTS AT 4.2 GHZ. SUB-ARRAY 1 IS 
DEACTIVATED IN THIS CASE. 
 
 
To test the effectiveness of the proposed focusing technique, microwave hyperthermia treatment 
is performed for cases where tumours are located at other locations within the breast phantom. The 
three tumours are at (0.5, -2.3, 0.95), (-1.2, 2.3, -1.5), (0, 0, -1.85) (cm) which are considered as case 
2, 3 and 4 in Figure 4-3. Following similar procedure mentioned above Figure 4-7 shows the Q 
distributions induced by using optimised input excitation phases for each case. In all cases, the 
maximum power is appeared at tumour centre. The results confirm the ability of focusing microwave 
power by utilizing the proposed technique. Subsequently, the induced temperature by exciting 
antenna elements with optimised amplitudes meets the requirement of hyperthermia as shown in 
Figure 4-8. 
The temperature distributions shown in Figure 4-8 indicate that the tumours are locally heated to 
therapeutic values while avoided heating in healthy tissue. Furthermore, the presented results also 
reveal that the proposed focusing method can be used for the treatment of breast cancer with tumours 
seated not only at centre plane of antenna array, case 4, but also at various positions, case 2 and 3.  
Sub-array number Sub-array 2 Sub-array 3 Sub-array 4 
Phase difference 
(degrees) between 
antenna elements in 
each sub-array 
𝝋𝒙 -63.443 41.757 63.217 
𝝋𝒚 -164.63 -179 -156.42 
Input power (W)  𝜶 10.6 10.6 23.76 
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Figure 4-7. Optimised Q distributions (𝒘/𝒎𝟑)inside the breast phantom in case 2 (a) and (b), 
case 3 (c) and (d), case 4 (e) and (f). 
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Figure 4-8. Temperature distributions (℃) inside the breast using optimised Q in Fig. 7: (a)-
(b) case 2, (c)-(d) case 3, (e)-(f) case 4. 
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The calculated (Tmax, T90, T50) at the stationary state for the cases 2, 3 and 4 are (44.66℃, 42.15℃,
43℃), (45.3℃, 42.19℃, 43.2℃) and (44.2℃, 42.2℃, 43℃),  respectively Moreover results 
depicted in Figure 4-7 and Figure 4-8 show that despite the high power concentration, the possible 
hot spots near the skin region are controlled by using cooling liquid. 
To test the ability of the proposed approach and selected frequency on different sizes and shapes of 
tumors, focusing hyperthermia is performed on two spherical tumors sized 2 𝑐𝑚3 and 3 𝑐𝑚3 located 
at the upper left side of the breast (0, -2.55, 0.5) cm as depicted in Fig. 9. The power distributions and 
temperature profiles are shown in Fig. 10 and 11, respectively. At the steady state, the calculated 
(Tmax, T90, T50) are (45.8℃, 42.4℃, 43.3℃ ) and (49.2℃, 42.45℃, 44.4℃) for tumors sized 2 
𝑐𝑚3 and 3 𝑐𝑚3. As expected, the power  (Fig 10) is highly concentrated at the tumor center. On the 
other hand, the input powers needed to realize the required temperature linearly increase with the 
tumor size.   
In practice, it may be required to maintain the induced temperature below a certain Tmax, 45℃ for 
example, throughout the treatment time to avoid any discomfort or pain [39] although higher Tmax 
might be acceptable for rapid cell destruction [40] or to reach necrosis in tumor volume [41]. To 
verify the variation of Tmax and the other important factors (T90, T50) with the heating time, a 
transient solver with input optimized power of 45 W is conducted for case #1 to record the 
temperature within the tumor at 15, 30 and 60 minutes. It is found that the temperature linearly 
increases with the exposure time according to (1). The realized Tmax after 15, 30 and 60 minutes are 
43.06℃, 45.3℃ and 48.7℃, respectively. Additionally, the calculated T50 shows that during the 
treatment time, 50 percent of the tumor is covered within the therapeutic temperature range 
(41.6℃ <T50<47℃) whereas T90 reaches 41.15℃ at 15 minutes and 46.3℃ at 60 minutes. The 
results confirm that the all the treatment goals are reached at 30 minutes where T50 and T90 are 
43.8℃ and 43.3℃, respectively. However, Tmax exceeds 45℃ if the treatment continues after 30 
minutes. Thus, to maintain Tmax below 45℃ throughout the treatment while T90, T50 are kept at 
therapeutic levels, the input power should be adjusted after a certain heating time (30 minutes in this 
case) using a feedback network that includes a transient solver. Finally, it is to be noted that in 
practice, such a power control might not be needed as the increased blood perfusion during the 
treatment may keep the temperature below 45℃. 
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Figure 4-9. Optimized Q distributions (𝒘/𝒎𝟑) inside the breast with 2 𝒄𝒎𝟑 tumor (a) and (b), 
3 𝒄𝒎𝟑 tumor (c) and (d). 
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Figure 4-10. Steady stage temperature distributions (℃) inside the breast using optimized Q 
in Fig. 10: (a)-(b) 2 𝒄𝒎𝟑 tumor, (c)-(d) 3 𝒄𝒎𝟑 tumor. 
 
 
5. Conclusion 
An improved hyperthermia approach for breast cancer treatment has been presented. The proposed 
technique uses a three-dimensional antenna array with the excitations (amplitude and phase) 
optimised using the global particle swarm optimisation method. The optimised excitation phases are 
determined by maximising the power at the target location, whereas the amplitudes are optimised to 
accomplish the required temperature at the tumour position. The technique was successfully tested in 
a realistic environment which includes a three-dimensional very dense breast model with tumours at 
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different locations and a three-dimensional antenna array. The results show the possibility of focusing 
hyperthermia treatment on the exact volume of tumours seated at different on-axis and off-axis 
locations within a very dense breast, including the challenging case of a tumour embedded in a gland, 
while preventing any hot spots in healthy tissue. Moreover, in utilising microwave power, the 
proposed technique has an efficiency which is twice the efficiency of recent published techniques.   
The approach discussed in this chapter has successfully overcome the limitations of previously 
proposed techniques and has also shown the capability of using 3D focusing microwave hyperthermia 
for treatment of the breast. Accordingly, the next chapter will focus on the validation of the suggested 
study described within the thesis. In brief, the thermal profile induced by 3D antenna array within the 
breast phantom will be confirmed by capturing the temperature inside a thermo-dielectric breast 
model at different periods of heating time during the experiments.  
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5 
Microwave Breast Hyperthermia 
Experiments 
 
In this chapter, the 3D focusing technique for non-invasive microwave hyperthermia treatment for 
breast cancer reported in Chapter 4 is validated. The experimental system employs a three-
dimensional array of corrugated antennas operating at a frequency band of 4 GHz to focus microwave 
power to a target location inside a breast model embedded in a coupling medium. The development 
of the experimental validation of microwave hyperthermia consists of several stages. First, prior to 
implementing the proposed system, an artificial breast phantom that has realistic dielectric and 
thermal properties is built. To perform credible breast hyperthermia experiments, the phantom should 
emulate both of the dielectric (permittivity and conductivity) and thermal properties (specific heat 
capacity and thermal conductivity) of different breast tissues with the correct anatomy. The main 
challenge in fabricating such a phantom is in developing suitable mixtures of materials to emulate 
those properties across the frequency band of interest in hyperthermia and to fabricate the phantom 
with realistic anatomy. For anatomical accuracy, a patient-specific MRI model is utilised in a three-
dimensional printer, which is used to cast moulds of the different breast tissues. Those moulds are 
then filled with tissue-mimicking chemicals, which are formed using low cost and stable materials. 
Once fabricated, the dielectric properties are measured using a dielectric probe, while the thermal 
properties are measured using a differential scanning calorimeter. Our measurements confirm the 
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suitability of the fabricated breast phantom across the band 3-5 GHz, which is the suitable band for 
microwave hyperthermia.   
Secondly, an appropriate experimental platform is designed and fabricated. The geometry of the 
platform is mechanically created in such a way that it can be used to hold the antenna array and the 
breast model as well as the matching/cooling liquid. Hence, a cylindrical shape computer aided design 
(CAD) model is built within the CST simulation environment with the presence of the antenna array 
and breast phantom. The designed platform is then 3D-printed to ensure the accuracy of the 
simulation geometry and the fabricated platform. At the same time, twenty-four antenna elements are 
also fabricated and the appropriate microwave components (power dividers and amplifiers) are 
selected. The microwave components and the breast phantom are integrated into the 3D printed 
platform to build the microwave hyperthermia system for the experiments. 
Finally, the experiments are performed for a 1𝑐𝑚3 size tumour located in the thermo-dielectric 
breast model. During the experiment, the temperature distributions at various time periods inside the 
breast model are captured using a high sensitivity thermal camera. The time temperature distribution 
results confirm the effectiveness of the proposed focusing technique for microwave hyperthermia 
treatment of the breast reported in Chapter 4.  
This chapter is partly based on the journal article “Thermo-Dielectric Breast Phantom for 
Experimental Studies of Microwave Hyperthermia”, published in Antenna and Wireless Propagation 
Letters, July, 2015. Some minor editing has been carried out so that the paper integrates well with the 
rest of the chapter and the thesis.  
The experiment results presented in this chapter are prepared as a journal article entitled:”Three-
dimensional focused microwave hyperthermia for breast cancer treatment with experimental 
validation” submitted to IEEE Transaction on Antennas and Propagation Engineering in November 
2015, a revision was submitted in May 2016. 
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1. Introduction 
Before moving to pre-clinical trials, the designed hyperthermia system needs to be tested on 
realistic breast phantoms. Most recent and advance study was reported in 2012 [80] where a 
preclinical system for focus microwave thermal therapy of the breast was introduced. This study 
shows interesting practical results of temperature within the breast model at different heating times. 
However, the tests were carried out on a simplified breast model which has simple structure and 
unknown thermal properties of the tissues. 
After all, the validation of microwave hyperthermia treatment needs to be performed on a realistic 
simulation environment and confirmed by experiments on thermo-dielectric breast models. Since the 
main aim of hyperthermia is use microwave power to induce the temperature at the tumour to more 
than 42˚C, while keeping the temperature of healthy tissue at normal values, the breast phantom in 
those studies needs to have the realistic thermal (specific heat capacity and thermal conductivity) and 
dielectric (permittivity and conductivity) properties of the real tissues across the band of interest. 
However, all recently reported studies seem to utilise breast phantoms that only emulate the dielectric 
properties without controlling the thermal properties. Thus, the reported phantoms are not optimised 
for hyperthermia studies.  
Several researchers have reported breast phantoms for microwave imaging and hyperthermia [93, 
117-126]. However, all those phantoms only emulate the dielectric properties and some of them do 
not even emulate the correct breast anatomy. In the most recent breast phantom [127], the adipose 
tissue is 3D printed while the gland tissue is represented by liquid-filled voids so that its 
anthropomorphic interior is similar to the actual distribution of breast tissues. However the used 
tissue-mimicking materials were not tested to confirm their thermal properties as the phantom was 
aimed at imaging studies, not hyperthermia. In microwave hyperthermia of other human organs, a 
thigh phantom with dielectric and thermal properties was developed [128]. Yet the reported phantom 
has a simple structure, which is made from cylindrical shaped fat, muscle and tumour.  
Owing to the need of realistic breast phantom, a methodology for fabricating realistic breast 
phantom that emulates the correct anatomical structure and both of the dielectric and thermal 
properties of a dense breast is firstly studied and presented in this chapter. To realize the correct 
anatomy of the breast, silicone plastique moulds for skin and glands are created using 3D printer. 
Suitable elastic mixtures are chosen for tissue fabrication. A proper mixing ratio is found after 
confirming both of the dielectric and thermal properties of different breast tissues. A mixture 
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emulating the fat tissue is then poured into voids created between the fabricated gland and silicone 
plastique skin layer.      
Furthermore, this chapter also aims at verifying the 3D proposed focusing technique reported earlier 
in a realistic experimental environment. To that end, a microwave system used for experimental study 
of the non-invasive microwave hyperthermia treatment of the breast is developed. The development 
of microwave hyperthermia system for breast cancer treatment experiment includes various stages. 
In the first stage, thermo-dielectric very dense breast model is built. In the next stage, the antenna 
array that is shown in the Chapter 4 is fabricated and tested. Following that, experimental platform is 
designed based on the realistic simulation environment. The platform is in cylindrical shape where 
the antenna array is distributed into several slots created on the outside of the designed platform. 
Furthermore, the platform is also built in such a way that it can hold the breast model while the breast 
model and the antenna array are emerged into coupling/cooling liquid. Finally, the experiments to 
test the heating capability of the proposed focusing technique at a desired target location in thermo-
dielectric breast phantom while confirming no hot spots in healthy tissues are conducted. 
2. Thermo-dielectric breast phantom fabrication 
The procedure for fabricating the required breast phantom can be divided into two main steps: 
Firstly, the selection of proper tissue-mimicking materials and secondly, 3D mould creation and 
breast phantom construction.   
i. Tissue-mimicking (TM) materials: 
The developed tissue mimicking (TM) materials are based on oil-in-gelatin mixture. Different 
percentages of oil are used to emulate the dielectric properties of various breast tissues, such as high 
water content tumour, gland and low water content of fat. An important feature of the materials is 
their long-term stability, which is achieved by adding formaldehyde to the mixture to provide the 
required cross-linking process. Furthermore, the formaldehyde raises the melting point of aqueous 
gelatin solution and therefore enables maintaining the physical shape of gelatin-based phantom at 
temperatures in the upper hyperthermia range (60℃). The process of creating the required TM 
materials includes the following main steps. Firstly, based on the dielectric properties of water, oil, 
salt and gelatin, mixtures of different ratios of those materials are used to achieve the required tissues’ 
dielectric properties; secondly, the mixtures’ dielectric and thermal properties are measured; thirdly, 
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the mixture ratios, especially for the gelatin, are tuned to control the thermal properties and thus meet 
both of the tissue’s dielectric and thermal properties.   
The developed TMs are designed to not only simulate the dielectric properties, but also the thermal 
properties of breast tissues. Consequently, an aqueous gelatin solution was produced by mixing 
gelatin (Chem-supply Pty Ltd, SA) in distilled water, which was then combined with vegetable oil 
and surfactant (Earth Choice dish washing concentration) that acts as an emulsifier to allow a 
homogeneous mixture to be made. Since the conductivity of the material is mainly dependent on the 
salt (NaCl) concentration, extra salt is added to the gelatin solution to simulate TMs which require 
high conductivity. The relative permittivity, on the other hand, decreases when the oil percentage in 
the oil-gelatin dispersion increases. Therefore, by tuning the concentration of the salt and oil in the 
aqueous gelatin solution, both the conductivity and relative permittivity can be adjusted.  
Since water has a larger specific heat capacity than vegetable oil, 4.18 J/g.K and 1.67 J/g.K 
respectively, it is used as source to achieve the required specific heat capacity. Hence, by changing 
the percentages of oil in aqueous mixture, high water content tissues with higher specific heat capacity 
and low water content tissues with low specific heat capacity can be simulated. Generally, to obtain 
the required properties, several samples of aqueous gelatin solution with different concentration of 
gelatin, water, oil and/or salt are tested. The procedure of making samples is similar to the one 
reported in [128]. Moreover, the challenging issue in constructing phantom is in avoiding air bubbles 
trapped into samples with high percentages of oil (more than 50% of sample volume). To overcome 
this issue, small amount of oil is slowly added into the mixture while gently stirring it and keeping it 
warm. The process is repeated until all of the oil is dissolved into the mixture. The samples are then 
poured into cylindrical containers and rested for at least 24 hours before measurements. 
The dielectric properties of the developed samples are measured over the band 3-5 GHz, which 
includes the frequencies suitable for breast microwave hyperthermia, by using the dielectric probe 
HP85070 at room temperature. The results are then compared with the properties of human tissues. 
Additionally, the stability of the developed TM is also tested by measuring samples after 1 weeks and 
5 weeks.  It should be noted that the design of phantom material is a compromise between relative 
permittivity and conductivity. Therefore, there could be some discrepancies between the developed 
and actual values, especially for such tissue with high permittivity and conductivity, such as tumour. 
The thermal properties (specific heat capacity, thermal conductivity and density) of the developed 
TMs are also tested to verify their realistic values. To that end, the specific heat capacity 𝐶𝑝(𝐽/𝑘𝑔℃) 
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of each TM is measured using a differential scanning calorimeter (DSC, Mettler Toledo Alternating). 
To calculate the specific heat capacity of a sample, a reference sample with known specific heat 
capacity, Duraform with  𝐶𝑝 = 1.64 (𝐽/𝑘𝑔℃) and an empty pan are used. The specific heat capacity 
is measured during the dynamic time of the heating process and it is determined using 
 
                                                                𝐶𝑝 =
𝐻
ℎ
.
𝑚𝑟
𝑚𝑠
. 𝐶𝑝𝑟                                                                    (5.1) 
 
𝐶𝑝: specific heat capacity of sample (𝐽/𝑘𝑔℃), 𝑚𝑟: weight of reference sample (kg), 𝑚𝑠: weight of 
sample (kg), H: difference between sample and empty pan (W/kg), h: difference between reference 
and empty pan (W/kg). 
The method of this measurement is isothermal- dynamic-isothermal. The sample temperature is 
increased across the temperature range 15℃ − 60℃, which includes all the temperature values that 
might be used in microwave hyperthermia. The specific heat capacity of each phantom material is 
determined by averaging the calculated  𝐶𝑝 curve. A sample of the obtained curve for calculating 𝐶𝑝 
for glands is shown in Figure 5-1. 
The other important thermal property, the thermal conductivity K (𝑤/𝑚℃), is obtained from the 
transient temperature measurements [128]. The thermal conductivity is determined by fitting the 
transient temperatures at different positions along the axis of a cylindrical shaped sample to a one-
dimensional heat transfer equation where thermal conductivity is treated as unknown variable and 
optimised to best fit the measurements. 
The third important property, the density (𝑘𝑔/𝑚3), is calculated by dividing the mass by the 
volume of sample. Therefore, to determine the density of samples, the mass of samples are weighted 
by mg scale and the volume is measured from the volume of sample in the cylinder container.  
The final mixtures that enable fabricating the breast tissues with the correct dielectric and thermal 
properties are given in Table 5-1. The measured dielectric (relative permittivity and conductivity) 
across the band 3-5 GHz and thermal properties of the fabricated tissues are shown in Figure 5-2 and 
Table 5-2, respectively. A comparison between the measured and real values [74, 104] are also given 
in Figure 5-2 and Table 5-2. It is shown that the developed phantom materials are in good agreement 
with the reported data of human breast tissues over the band of interest. 
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Figure 5-1. Heat flow curves of Duraform, empty pan and gland material for thermal properties 
estimation. 
 
Table 5-1: COMPOSITIONS OF TISSUE-MIMICKING PHANTOM MATERIALS. 
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                 Ingredients 
Tissues 
Gelatin  
    (gr) 
Water  
   (gr) 
Oil 
 (gr) 
Salt 
(gr) 
Gland 50 150 37.5 0 
Fat 17 40 140 0 
Skin 42.86 150 43 0 
tumour 50 150 26.475 5 
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Table 5-2: THERMAL PROPERTIES OF DEVELOPED AND REAL BREAST TISSUES. 
 
 
 
 
 
 
 
 
 
 
 
Tissue 
types 
Density  𝝆(𝒌𝒈/𝒎𝟑) 
Specific heat 
capacity 
 𝑪𝒑(𝒋/𝒈℃) 
Thermal 
conductivity 𝑲 (𝒘/
𝒎℃) 
data meas. data meas. data meas. 
Gland 1050 1037 3.6 3.9 0.5 0.51 
Fat 1069 1090 2.28 1.9 0.30 0.23 
Skin 1085 1035 3.77 3.92 0.4 0.52 
Tumour 1050 1031 3.6 3.75 0.5 0.55 
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Figure 5-2. Relative permittivity (a) and conductivity (b) of developed tissues. 
(a) 
(b) 
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
x 10
9
0
1
2
3
4
5
6
Frequency (Hz)
C
o
n
d
u
c
t
iv
it
y
 (
S
/
m
)
 
 
Gland (developed)
Tumor (developed)
Skin (developed)
Fat (developed)
Gland (actual)
Tumor (actual)
Skin (actual)
Fat (actual) 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
x 10
9
0
1
2
3
4
5
6
Frequency (Hz)
C
o
n
d
u
c
t
iv
it
y
 (
S
/
m
)
 
 
Gland (developed)
Tumor (developed)
Skin (developed)
Fat (developed)
Gland (actual)
Tumor (actual)
Skin (actual)
Fat (actual)
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
x 10
9
0
10
20
30
40
50
60
Frequency (Hz)
R
e
la
t
iv
e
 P
e
r
m
it
t
iv
it
y
 
 
3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5
x 10
9
0
1
2
3
4
5
6
Frequency (Hz)
C
o
n
d
u
c
ti
v
it
y
 (
S
/m
)
 
 
98 
 
ii. Breast tissue fabrication and phantom formation: 
To build a phantom with correct anatomy, the following fabrication procedure is followed: Firstly, 
moulds for the gland and skin models are fabricated by importing their MRI numerical models into a 
three-dimensional printer. Secondly, the fabricated gland material is poured into the gland casting 
mould to create the gland tissue. Next, the fat tissue is constructed by placing its material into a void 
formed between the fabricated gland tissues and casting mould of the skin. Subsequently, the 
constructed gland and fat tissues in conjunction with the 3D printed breast cover are used to create a 
mould for the skin layer which is then fabricated by its equivalent material. The general steps of the 
phantom development are explained in Figure 5-3. 
The utilised 3D voxel breast model in the fabrication is derived from 0.5 mm resolution MRI data 
following the process explained in [79]. Since within the breast, the gland tissues are surrounded by 
fat layers, the fat tissue is constructed by pouring the fat mimicking material into a mould formed by 
the gland and skin models. For that reason, gland and skin models are crafted. To that end, the gland 
tissues are united to create a stereo lithography (STL) file of the gland layer. To maintain the 
resolution constraint of 3D breast data, the STL file is built in MATLAB by transforming each voxel 
into a cubic structure. The structural file of combining tissues is sent to 3D printer to build gland 
tissue model. The printed tissue model is then used to generate casting mould by using silicone 
plastique. 
To mimic the skin layer, two modified skin models: inner skin, which has 1.5 mm smaller volume 
and outer skin, which is 1.5 mm larger than the actual skin tissue are printed. These inner and outer 
skin layers are then used to build 1.5 mm thick skin from casting mould material. The outer skin layer 
is horizontally and vertically halved for the ease of moulding process. Furthermore, several 
interlocking points are added in each half of the outer skin layer to connect these halves and to keep 
them in position. In the final step, a warm mixture is used to build breast tissues with a proper shape 
by using casting moulds of 3D printed breast tissues. The whole development procedure is shown in 
Figure 5-4 where the different fabrication steps are exhibited. Moreover, the fabricated phantom is 
vertically subdivided so that the 0.5𝑐𝑚3 tumour is inserted in each half of the phantom to form 
1𝑐𝑚3 tumour which is depicted in Figure 5-5. The utilised MRI model in the fabrication process is 
also shown in Figure 5-5 to verify it’s similarly with the fabricated phantom. 
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Figure 5-3. Breast phantom development using 3D printed casting moulds.  
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Figure 5-4. Steps of phantom fabrication (left-right and up-down): (a) 3D dense breast model 
(b), (c) 3D printed gland tissue and modified skin of the breast; (d) casting moulds of skin and 
gland tissue; (e) fabricated gland tissue; (f) breast phantom after filling up fat tissue; (g) breast 
phantom after skin fabrication; (h) the final developed breast phantom 
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Figure 5-5. (a) Fabricated very dense breast phantom with inserted tumour, and (b) utilised 
breast model from MRI data. 
The blood perfusion is an important factor in modelling and experimental hyperthermia. The heat 
exchange mechanism due to blood perfusion is proportional to the blood flow. Therefore, the 
perfusion has higher impact when large vessels are present. In breast hyperthermia, only small blood 
vessels exist and thus perfusion is not highly significant. This issue is investigated by comparing 
between the temperature distributions with and without including the effect of blood perfusion in CST 
simulations. We noticed that the difference in the temperature rise of breast tissues (especially the 
focal point at the tumour) between the two cases is less than 2%.   
3. Experimental system design 
To validate the focusing microwave hyperthermia treatment of the breast tumour, an experimental 
breast hyperthermia system is designed, built and tested. Based on the simulation environment of the 
3D focusing technique presented in Chapter 4, a general configuration for designing microwave 
hyperthermia system is proposed and shown in Figure 5-6. In order to provide the correct excitation 
signals (phases and amplitudes) for the antenna elements, a signal generator, a power amplifier, power 
dividers, attenuators and phase shifters are utilised. Ideally the generated microwave signal is 
amplified to reach the total required total power while the power dividers are used to split the power 
between the utilised antenna elements, which are in this case twenty-four elements. 
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Figure 5-6. General setup for experiment 
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The attenuators and phase shifters are utilised to produce appropriate amplitudes and phases for 
the antenna elements respectively, as required for the power focussing. Having defined the general 
design for the validation of the proposed microwave focusing technique, the development of the 
experimental system is now to select or design of suitable components that meet the system’s 
requirements. To guide the design of the system, case 1, reported in Chapter 4 where tumour is seated 
at (0, -2.55, 0.5) (cm) in a very dense breast model is chosen. This case requires equal power 
distribution between the active antenna elements, whereas the phase is optimised as needed to focus 
the power at the tumour location. The details of phases and amplitudes for antenna array are depicted 
in Table 5-3.  
 
Table 5-3: OPTIMISED VALUES OF ANTENNA ELEMENTS AT 4.2 GHZ. SUB-ARRAY 1 IS 
DEACTIVATED IN THIS CASE. 
 
Based on the general approach for designing the microwave system for hyperthermia experiments 
and the required of phases and amplitudes for antenna array reported in Table 5-3, the development 
process for the experimental system is divided into several stages. In the first stage, to match the 
geometry of the simulation environment where the breast model and the antenna array are embedded 
in coupling/cooling liquid, a suitable platform is designed and fabricated.  Following that, the antenna 
elements are fabricated while several transmission lines are built based on the optimised phase 
difference within each sub-array. Furthermore, this stage includes choosing appropriate components 
such as microwave power amplifier and power dividers. The choice of such components depends on 
Sub-array number Sub-array 2 Sub-array 3 Sub-array 4 
Phase difference 
(degrees) between 
antenna elements in 
each sub-array 
𝝋𝒙 -63.443 41.757 63.217 
𝝋𝒚 -164.63 -179 -156.42 
Input power (W)  𝜶 23.76 23.76 23.76 
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(b) 
 Figure 5-7. Proposed platform fabrication (a) designed platform (b) fabricated platform 
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the optimised results from the simulation of the proposed focusing technique detailed in Table 5-3. 
Finally, different parts are integrated to examine the heating and focussing capabilities of the system 
on the fabricated breast model with embedded tumour. Also, the experiments include verifying no 
hot spots are created in the healthy tissue.   
Following the designing procedure, the first stage of the development for the system is the creation 
of a suitable platform. Since the antenna array consists of four sub-arrays surrounding the breast 
model, a cylindrical shape is chosen for the platform which is exhibited in Figure 5-7 (a). It has a 
cavity with diameter of 16 cm which is the distance between two opposite sub-arrays measured at the 
feeding ports of the antenna elements. In order to integrate the antenna array to the platform, twenty-
four slots that have a width of 1.5 mm are created. The width of each slot is chosen to be equal to the 
thickness of each antenna element so that the elements can be perfectly fitted into the platform and 
thus prevent any leaking since the antenna array and the breast model are embedded in the 
coupling/cooling liquid. Furthermore, four additional thin sheets as breast holders are also placed 
above each sub-array. Their location is chosen so that the spatial position of the breast model and the 
antenna array agrees with the geometry in the simulation environment. Extra tubes are also created at 
the top and bottom of the platform to enable pumping the coupling/cooling liquid to the platform or 
draining it out after the experiments. It should also be mentioned that since the antenna array is 
embedded in the coupling/cooling liquid during the experiments, each antenna element is covered by 
1 mm thin sheets to protect the antennas’ radiators during the experiments. In order to ensure the 
accurate geometry of the experiment system compared to the simulation one, the platform, which is 
designed based on simulation environment, is fabricated by using 3D printing technology. The printer 
uses Duraform plastic which has a low impact on the performance of the system since it has low 
electric properties. The 3D printed platform and its details are shown in Figure 5-7 (b). 
In the second stage of developing experimental system, twenty-four antenna elements of 
corrugated are manufactured as shown in Figure 5-8 (a). The substrate used for the fabrication is 
Rogers 3010 which has dielectric constant of 10.2 and thickness of 1.5 mm. The manufactured 
antennas are then integrated into the platform through twenty-four slots to form the exact phased array 
proposed in the simulation study as shown in Figure 5-8 (b). 
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Figure 5-8. (a) Corrugated tapered slot antenna (b) Platform with antenna array (c) Fabricated 
transmission lines as phase shifters. 
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To realize the optimised phase differences between antenna elements as determined in Chapter 4, 
sixteen transmission lines (TL) are designed [129] to produce the required phases for each antenna 
elements which from three sub-arrays. These transmission lines are designed to produce the exact 
phase difference between the antenna elements at the frequency of operation as depicted in Table 3-
5. The TL are fabricated on the substrate FR-4 with dielectric constant of 4.3 and thickness of 1.6 
mm. The fabricated TL for each sub-array are exhibited in Figure 5-8 (c).  
 
 
Figure 5-9. Designed network of 100W power amplifier and dividers 
To produce the desired power for each sub-array of antennas, a network of 100W power amplifier 
and power dividers are constructed as shown in Figure 5-9 and integrated into the system as shown 
in Figure 5-10. It consists of a signal generator, an amplifier, a 1 to 4 high power divider, three 1 to 6 
power dividers, and a high power terminated load in addition to the aforementioned sixteen TLs. The 
signal generator (Agilent EXG Vector Signal Generator) provides a continuous signal at the 
frequency of 4.2 GHz. That signal is then amplified by Minicircuits high power amplifier (ZHL-
100W-43+) to generate up to 100 W of power [130]. The amplified signal is then equally split using 
Pasternack 4 way high power broadband divider (PE20S0016) [131]. Three out of the four output 
channels are connected to three Fairview Microwave 6 way power divider (MP0208-6) [132], while 
the remainder channel is used to monitor the real available power at the output by connecting to a 
portable vector network analyser (VNA) Fieldfox N9916A. The eighteen outputs of 6-way power 
dividers are connected to the TLs to create the correct excitation phase shifts as depicted in Table 5-
3. The total loss generated by amplifier, dividers, cables, TLs are measured to be 19 dB at 4.2 GHz. 
This measurement is done by connecting the input of the amplifier and the output from 6-way power 
divider to a portable vector network analyser (VNA) Fieldfox N9916A. The losses are compensated 
by adjusting the output amplitude of the signal generator so that the amplifier produces the required 
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power for the system. In order to measure the input power delivered to each antenna element, the 
output of 6-way power divider is connected to Fieldfox N9916A through series of attenuators to 
ensure the input power to Fieldfox N9916A is not over the allowed level. The measured input power 
for each antenna element is found to be 35.6 dB (3.63 W) which is the total of 21.78 W for each sub-
array. Although the internal amplifier of the signal generator can be used to compensate for the 
additional losses, each power divider has limitation of the maximum power they can handle. 
Therefore, a small amount of losses cannot be fully compensated by the signal generator, and thus 
the maximum power delivered to antennas is slightly lower than the planned value in the simulations. 
The designed system becomes ready for testing the proposed focusing technique of microwave 
hyperthermia. Due to the high microwave power used for the system, a Faraday cage sized 6 x 7 m 
with high electromagnetic isolation is utilised for the experiments for safety purposes. During the 
experiments, the signal generator is placed outside the Faraday cage and employed as a control unit 
for the whole system while the rest of the system is located inside the cage. The Faraday cage’s door 
is always kept closed throughout the experiments to prevent any leaking from radiated power.   
 
 
Figure 5-10. 3D microwave hyperthermia system (a) signal generator (b) 100W power amplifier 
(c) portable VNA (d) 4-way power (e) 6 way power divider (f) T-lines (g) experimental platform. 
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4. Experiment results and discussion 
The designed system is used to confirm the capability of locally heating a tumour located in a 
thermo-dielectric breast phantom. The experiments are performed on the challenging case of a very 
dense thermo-dielectric breast phantom with 1 𝑐𝑚3 tumour. The microwave power is transmitted to 
the breast phantom using 3D antenna array while the induced temperature distributions inside the 
phantom are captured using a high performance thermal imager FLUKE Ti32 with 2% accuracy and 
0.045℃ thermal sensitivity. The fabricated phantom used for the current experiments with 1 𝑐𝑚3 
tumour inserted at a location equivalent to case 1 reported in Chapter 4 is shown in Figure 5-11 (a) 
and (b). The phantom can be dismantled vertically and horizontally so that the temperature 
distributions on vertical and horizontal planes can be observed using the thermal camera. Moreover, 
in order to keep the breast at the correct position during the experiments, a 1 mm thick breast cover 
which is 3D printed based on skin layer properties of the breast phantom is used. In addition to the 
designed system, a steamer with thermal controller, depicted in Figure 5-11 (c) is used to increase the 
temperature in the breast phantom to required level which is human body temperature before 
conducting the experiments. The breast phantom is then placed into the platform which is filled 
coupling/cooling liquid. While the coupling liquid is used to optimally transmit microwave power to 
the phantom, it is also utilised as cooling liquid to avoid unwanted heat induced at the skin region.  
An oil-in-water emulsion is chosen as the designed coupling/cooling liquid for optimally transmitting 
microwave power from the antenna array to the breast phantom. The procedure for creating 
coupling/cooling liquid is similar to the process described in [80]. It composes of 20% water, 80% 
vegetable oil and dish washing liquid. The dielectric property of the designed coupling liquid is 
measured to be 𝜀 = 6.5 𝑎𝑛𝑑 𝜎 = 0.09 at 4.2 GHz. In order to avoid any high temperature generated 
by the electromagnetic power absorbed at the skin region, the coupling liquid is cooled using a 
refrigerator before pumping into the platform. 
Prior to conducting the experiments, the antenna array performance in the coupling liquid is tested 
at a band of 3.5 GHz to 4.5 GHz. The simulated and measured results of 18 antenna elements are 
shown in Figure 5-12 demonstrating that the reflection coefficients of the antenna elements are well 
below -10 dB within the bandwidth of interest. This result indicates that most of the power (at least 
90%) is radiated from the antennas towards the breast.  
To confirm the focused heating at desired location, the experiments are conducted following a 
procedure exhibited in Figure 5-13. First, the breast phantom is emerged in a steamer at 37℃ which  
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Figure 5-11. (a), (b) Fabricated breast phantom for microwave hyperthermia experiments (c) 
Steamer with temperature controller (d) Designed coupling/cooling liquid. 
is equivalent to human body temperature for 1 hour to ensure that the breast phantom has thermal 
distribution similar to human breast. Similarly the cooling/coupling liquid is cooled down to 15℃ by 
storing it in a refrigerator for more than 1 hour. Secondly the breast phantom is placed into the 
platform which is filled by coupling/cooling liquid. Following that the system is activated by 
switching on the signal generator. Finally, after heating the breast phantom for a 30 minutes, the 
system is switched off and the images of temperature distributions on a vertical plane in the breast 
phantom are captured by FLUKE Ti32. In this last step, in order to measure the temperature 
distributions, the breast phantom is quickly removed from the platform and vertically open so that the 
sophisticated thermal imager can be used to photograph the image of the induced temperature on 
vertical plane inside the breast. After the photo is taken the breast phantom and coupling/cooling 
liquid are placed into the steamer and the refrigerator, respectively so that the new measurement can 
be performed. This procedure is repeated to observe the induced temperature image on horizontal 
plane inside the breast phantom. Moreover, so as to confirm the effectiveness of the proposed system, 
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the same procedure is applied to observe the temperatures vertically and horizontally induced inside 
the breast phantom at 1 hour of heating.   
 
 
 
Figure 5-12. Simulated and measured reflection coefficient of antenna elements in coupling 
liquid. 
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Figure 5-13. Experiment procedure (a) breast phantom and coupling/cooling liquid are placed 
into the steamer and the refrigerator respectively (b) breast phantom and coupling/cooling 
liquid are distributed into the platform (c) the microwave system is switched on for 30 minutes 
(d) The system is switched off and the breast phantom is quickly removed from the platform 
(e) the breast phantom is vertically open and FLUKE Ti32 is used to capture temperature of 
the breast. 
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Following the proposed procedure, the temperatures of the breast phantom after 1 hour embedded 
in the steamer are depicted in Figure 5-14. Moreover, the effect of the radiated microwave power on 
the temperature of the designed coupling/cooling liquid is examined by photographing thermal 
images at 0, 30 and 60 minutes as depicted in Figure 5-15. The cooled liquid is poured into the 
platform while the uniformly heated breast phantom is quickly placed into the platform at the correct 
position and illuminated for 30 minutes. The results after 30 minutes of heating are shown in Figure 
5-16 (a) and (b) where the peak temperature represented by a cross and a contour line shows the 
region covered by 42℃  or more. In order to validate the measurement, the 3D focusing technique is 
also conducted by using transient thermal solver. The simulated results observed at 30 minutes of 
heating time are depicted in Figure 5-16 (c), (d). The presented results demonstrate well agreement 
between measurement and simulation which therefore confirm the effectiveness of the proposed 
focusing microwave hyperthermia for the treatment of breast cancer. First of all, measurement and 
simulation results show that the therapeutic temperature (> 42℃) is achieved at tumour location after 
30 minutes of heating. Moreover, the peak temperatures as represented by crosses in Figure 5-16 (a), 
(b) and dots in Figure 5-16 (c), (d) are located in the centre of the tumour. It proves that by exciting 
the antenna elements with the optimised phases and amplitudes, the highest transmitted microwave 
power is successfully concentrated at the centre of the tumour which is consequently the location of 
the peak temperature. Furthermore, while successfully raising the temperature at tumour to required 
value for microwave hyperthermia treatment, there are no hot spots occurred in healthy tissue. The 
maximum temperatures induced in healthy tissue are well bellowed 42℃ which can be visually 
inspected from the presented results in Figure 5-16. Plus, the average temperature within healthy 
tissue excluding tumours is 35.96℃ which proves that the healthy tissue is at safety level. Moreover 
the tumour is covered by 42℃ as shown in Figure 5-16 (a), (b) by the contour lines while the skin is 
kept below 25℃ by using the cooling liquid during the experiment.  
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Figure 5-14. Temperature inside breast phantom after 1 hour in the steamer (a) vertical plane 
(b) horizontal plane. 
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Figure 5-15. Temperature distributions of cooling liquid inside the platform at: (a) at the 
beginning, (b) 30 minutes, (c) 60 minutes of heating time. 
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Figure 5-16. Temperature distribution inside the breast phantom after 30 minutes of heating 
(a) simulated result on horizontal plane, (b) simulated result on vertical plane (b) measured 
result on horizontal plane, (d) measured result on vertical plane. 
However the simulated peak value is 43.22℃ which is slightly higher than experiment result, 
approximately 42.8℃. This is predictable outcome since the additional losses from cable and 
environment occur in the experiments which reduces the microwave power transmitted to the 
platform. As mentioned earlier, not all of the losses can be compensated by signal generator due to 
the limitation in maximum input power that the power dividers can be operated. The remained losses 
limit the maximum input power delivered to the antennas.  Hence the calculated power delivered to 
one sub-array of antennas is 21.78 W compared to 23.76 W which is simulated power. Consequently, 
the measured temperature is expected to be smaller than the simulated results. Moreover, the tumour 
region which is covered by 42℃ is enlarged by around 25% in the measured results  . This is because 
during the experiments, the blood perfusion which has the effect on decreasing the extent of the 
heating region [133, 134], cannot be implemented.  
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The effectiveness of the proposed focusing technique is further tested by performing the 
experiment for 60 minutes. Following the experiment procedure, the temperature distributions are 
vertically and horizontally photographed. Similar to the results of 30 minutes of heating, the thermal 
images shown in Figure 5-17 (a), (b) show the agreement with the simulated thermal distributions 
depicted in Figure 5-17 (c), (d). The peak temperatures appear at the centre of tumour while no hot 
spots are confirmed. Furthermore, the used cooling/coupling liquid effectively avoids increasing 
temperature at the skin area due to the absorbed microwave power while longer heating time is 
applied. 
The comparison between experiment and simulation results shown in Figure 5-16 and Figure 5-17 
validate the effectiveness of the proposed 3D focusing technique for microwave hyperthermia 
treatment of the breast. Moreover, despite the slightly enlargement of the treated area, the results 
confirm the ability of using the proposed hyperthermia system to achieve therapeutic temperature at 
the 1 𝑐𝑚3 tumour without causing any unwanted hot spots.  
 
Figure 5-17. Temperature distribution inside the breast phantom after 60 minutes of heating 
(a) simulated result on horizontal plane, (b) simulated result on vertical plane (c) measured 
result on horizontal plane, (d) measured result on vertical plane. 
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5. Conclusion  
In this chapter, the 3D focusing technique for non-invasive microwave hyperthermia treatment of 
breast cancer was experimentally confirmed. The experimental system employed a three-dimensional 
array of corrugated tapered slot antennas operating at a frequency band of 4 GHz to focus microwave 
power to a target located inside a breast model embedded in a coupling/cooling medium. The 
temperature distributions within the breast phantom were captured at different heating time during 
the experiments. The experiment and simulation results were then compared to validate the proposed 
focusing technique. 
Prior to implementing the system, a thermo-dielectric breast model was fabricated. The fabrication 
details of the thermo-dielectric breast phantom for experimental microwave hyperthermia was also 
presented. To fabricate the phantom materials, mixtures of low-cost and stable materials (water, oil, 
salt, gelatin and formaldehyde) were utilised to meet the tissues’ dielectric (permittivity and 
conductivity) and thermal (specific heat capacity and thermal conductivity) properties across the 
frequency band 3-5 GHz, which is suitable for breast hyperthermia. To create a phantom with the 
correct anatomy, a three- dimensional printer was utilised to create accurate moulds for the main 
tissues. The fabricated phantom emulated a very dense breast, which is the most complicated breast 
model to manufacture. For the extended work, a similar procedure can be applied to build different 
density breast phantoms. The anatomically realistic, heterogeneous phantom was used to give 
credible experimental validation of breast hyperthermia methods.  
To validate the 3D focusing technique for microwave hyperthermia, the designed system was used 
to confirm the capability of locally heating a tumour located in a thermo-dielectric breast phantom. 
The experiments were performed on a 3D antenna array and a very dense thermo-dielectric breast 
phantom with 1 𝑐𝑚3 tumour. The microwave power was transmitted to the breast phantom by using 
3D antenna array while the induced real time temperature distributions inside the phantom were 
captured by high sensitivity thermal camera and compared with the simulation results. The similarity 
between the measured and simulated results observed at different heating times confirmed the 
capability of using the proposed 3D microwave focusing technique for hyperthermia treatment of 
breast cancer. 
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Conclusion 
 
This thesis presented theoretical and experimental studies of focusing microwave hyperthermia 
for the possible treatment of breast cancer. In order to achieve the aims outlined in Chapter 1 as well 
as to overcome the drawbacks from previous reports, several original studies were presented. The 
research activities investigated the focusing techniques for microwave hyperthermia in a realistic 
environment incorporating various patient-specific breast models and actual antenna arrays. To 
examine the effectiveness of the proposed approaches, the 2D focusing technique was recreated and 
reported in Chapter 3.  The following chapter is devoted to an investigation of a 3D focusing method 
that addresses the limitations arising from the previous technique. This 3D approach was then 
validated by experiments on a thermo-dielectric breast phantom, reported in Chapter 5.  
This chapter summarises the contributions of the thesis and discusses the limitations of the 
research. From here an outline of future research opportunities are presented. 
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1. Contributions 
A. Focusing microwave hyperthermia using 2D array via Trust Region Framework 
optimisation (Chapter 3) 
A new microwave hyperthermia approach for breast cancer treatment was presented and confirmed 
in a realistic simulation environment. In the proposed technique, electromagnetic focusing on patient-
specific breast models was implemented to concentrate the power at the tumour position, while 
successfully keeping the power levels at other positions (healthy tissues) at minimum values. This 
was accomplished by providing correct excitation signals (phases and amplitudes) for each antenna 
element. While the microwave power was transmitted to the realistic breast models using the antenna 
array, the Trust Region Framework optimisation was used to find the correct phases and amplitudes 
for the antenna elements. In order to simulate the proposed approach, a CST coupled EM-thermal 
project with a close-loop was used. This technique was performed on different types of breast models 
ranging from fatty breast to highly dense breast. The effect that antenna types have on microwave 
hyperthermia was also investigated by using two different types of compact antenna elements. This 
study was the first to build a model in CST from MRI data of real patients and shows that microwave 
hyperthermia can be achieved in different breast anatomies. The focusing technique presented also 
demonstrates that by utilising the unique radiation properties of the antenna, significant improvement 
in power efficiency is achieved. In addition, the suggested simulation routine was able to solve the 
computational issues of calculating 3D electromagnetic problems in a complicated scenario. 
B. Focusing microwave hyperthermia using 3D array and Particle Swarm optimisation 
(Chapter 4) 
A novel hyperthermia approach for breast cancer treatment was presented. The proposed technique 
used a 3D antenna array based on differential beam-steering sub-arrays, with the excitations 
(amplitude and phase) optimised using the global particle swarm optimisation method. The optimised 
excitation phases were determined by maximizing the power at the target location, whereas the 
amplitudes were optimised to accomplish the required temperature at the tumour position. Contrary 
to previously reported techniques outlined in Chapter 3, in this study, CST was used as EM and 
thermal simulators, while the global optimisation method was implemented in Matlab. In order to 
perform the optimisation, a link between Matlab and CST was built. The technique was successfully 
tested in a realistic environment which includes a 3D dense breast model with tumours at different 
locations and a 3D antenna array. The results demonstrated the possibility of focusing hyperthermia 
treatment on the exact volume of tumours situated at different on-axis and off-axis locations within a 
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highly dense breast, including the challenging case of a tumour embedded in a gland, while preventing 
any hot spots in healthy tissue. By creating a link between Matlab and CST, the proposed technique 
allowed for the global optimisation of 3D electromagnetic simulations which are normally limited 
due to the large computational effort required to overcome the complexity of the environments. 
Furthermore, by utilising additional antennas for each sub-array, the proposed technique 
demonstrated high power efficiency, which was twice that of recently published techniques.   
C. Microwave breast hyperthermia experiments (Chapter 5) 
The 3D focusing technique for non-invasive microwave hyperthermia treatment of breast cancer 
was experimentally confirmed. Prior to implementing the system, a thermo-dielectric breast model, 
which was the first complete model in the literature, was fabricated. This chapter also presented the 
methodology involved. The phantom materials were made by mixing low-cost and stable material to 
meet the tissues’ dielectric and thermal properties across the frequency band of 3-5 GHz. A 3D printer 
was used to create accurate moulds for the main tissues to ensure the fabricated breast phantom had 
the correct anatomy of a human breast. By using an anatomically realistic, heterogeneous phantom 
of a highly dense breast model, credible experimental validation of the method was assured.  
The experimental system employed a 3D array of corrugated tapered slot antennas operating at a 
frequency band of 4 GHz to focus microwave power to a target located inside a breast model 
embedded in a coupling/cooling medium. The temperature distributions within the breast phantom 
were captured at different heating times during the experiments by using a high sensitivity thermal 
imager. The experiment results confirmed the effectiveness of the proposed focusing technique for 
microwave hyperthermia as a possible treatment method for breast cancer. Compared to the previous 
methodologies recommended by other studies, this study which investigated the fabricated thermo-
dielectric breast phantom, showed significant improvements in terms of tissue properties and breast 
anatomy. A similar procedure can be applied to build different density breast phantoms and can be 
further developed to create models of different human body parts. The contribution of such fabrication 
methodology is valuable for extended study into microwave hyperthermia and microwave imaging.  
2. Limitations 
Although the proposed focusing techniques show promise as a method for microwave 
hyperthermia, the realistic environment used in this study increases the complexity compared to 
previous studies that utilised simpler antenna configurations and breast models to estimate power and 
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thermal distributions. Such increased complexity provides potential limitations for the current 
research.  
 Antenna array configuration: as discussed in Chapters 3 and 4, the utilisation of the proposed 
antenna configurations offer better power efficiency for the microwave hyperthermia system. 
By increasing the amount of antenna elements in each sub-array (Chapter 4), the proposed 
focusing techniques can be used to locally raise temperature at tumours situated at different 
locations to therapeutic values. However due to the size of the breast phantom and the 
designed antenna element, the number of antennas that can be used in this research are limited. 
This limitation restricts the flexibility of being able to focus microwave power to tumours at 
special locations, such as those located near the chest wall. 
 Full-wave simulators: in the proposed method, computational electromagnetics are used to 
calculate power and thermal distributions inside the breast phantoms. However, because of 
the realistic environment used, the solution time is normally lengthy and requires a large 
amount of memory from the hardware. The majority of computational time is from the full-
wave simulator (CST) which is used to solve the 3D electromagnetic problems. By using more 
optimised software and hardware designs, it is reasonable to expect these large computational 
efforts to reduce. 
 Validations: the proposed study was validated by experimenting with the heating capability 
of the 3D focusing technique presented in case 1, Chapter 4. However, the validations were 
only performed with equal power for all of the antenna elements due to the needs of special 
components to generate unequal power. Additionally, the ability to focus microwave power 
to tumours located on- and off-axis were not confirmed since each tumour location requires 
different phase shifts from the antenna elements. While transmission lines can be used to 
create correct phase shifts, they introduce additional losses to the system. Hence, it is expected 
that the feasibility of the proposed approach can be tested by using an electronic phase shifters 
system. The temperature distributions within the breast phantom were captured by using a 
thermal imager. This step is realised by removing the breast phantom from the platform while 
the pictures are quickly photographed. Even though this procedure was performed quickly, it 
may produce inaccurate results due to the effect the environment temperature has on the breast 
phantom. It is also impractical for microwave hyperthermia system design. Therefore, a 
temperature based imaging approach is potentially required for confirming the microwave 
hyperthermia system.   
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 Tissue temperature dependent properties: the effectiveness of the focusing techniques 
proposed in this thesis is primarily dependent on optimizing excitation signals.  This ensures 
the induced microwave power absorbed by the breast tissue is maximized at the tumour site 
while minimized elsewhere in the body. The amount of power absorbed in the breast tissue is 
related to its dielectric properties and as the temperature rises in the tissue, its dielectric 
properties change. In this research however, the properties of the breast tissue are adopted 
from a popular report [30] which assumes the dielectric properties of the breast tissue are only 
dependent on the frequency. Hence the resulting temperature distributions did not fully reflect 
the effect of microwave power on breast tissue, as they did not account for the tissue’s 
temperature dependent dielectric properties. 
3. Future work 
The focusing technique for microwave hyperthermia treatment of the breast was demonstrated in 
Chapters 3 and 4. The primary outcomes show that the proposed approaches have the potential to be 
used for treating breast cancer. However, in order to clinically apply the proposed technique, several 
research activities will need to be carried out in future to improve the accuracy of the system as well 
as to overcome the remaining limitations. 
Firstly, to overcome the limitation of validations, further experiments should be conducted to 
extensively confirm the capability of the proposed focusing techniques and the designed system in 
locally heating tumours at different locations within the breast phantom. These research activities 
involve fabricating various thermo-dielectric breast phantoms and manufacturing different sets of 
TLs or using electronic phase shifter with minimal losses. Appropriate attenuators should be 
incorporated to produce the correct input power for each sub-array, to examine the temperature 
shaping ability at the tumour site through the proposed technique.     
In order to increase the accuracy of modelling the focusing technique, the temperature dependent 
properties of breast tissue need to be studied. As discussed, the proposed modelling relies on the 
frequency dependent properties of the tissue only. Thus, the results may change when the technique 
is clinically applied due to how the tissue responds to changes in temperature. By taking into account 
the temperature dependent properties of the breast tissue, the absorbed microwave power, as well as 
the induced temperature, can be accurately estimated.  
To improve the effectiveness of focusing microwave hyperthermia, extended antenna arrays, 
which are constructed by vast amounts of elements, are needed. Through increasing the number of 
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antenna elements, the ability of focusing microwave hyperthermia to various tumour locations, 
including deep seated tumours, is enhanced. Furthermore, as reported in Chapter 4, the power 
efficiency can also be targeted by utilising an antenna array with a larger number of elements. 
Therefore, extensive studies of highly compact antennas need to be conducted.  
To enhance the accuracy and speed of the computation, a new methodology for the simulation of 
microwave hyperthermia should be introduced and utilsied. The new methodology consists of a 
simulator with different computational technique (FDTD) and in-house developed tools (in Python). 
While the new simulator allows   performing microwave hyperthermia with improved accuracy, the 
developed tools are implemented into the simulation process to perform fast convergence and 
powerful optimization technique (Convex Optimisation). Thus, the new simulation procedure will 
provide fast, highly efficient process to conduct microwave hyperthermia.   
For possible future applications of microwave hyperthermia, a temperature based imaging 
technique should be investigated. As mentioned earlier, the breast tissue varies according to the 
temperature increment. During microwave hyperthermia treatment, it is expected that the temperature 
is increased at specific areas while maintaining normal body temperature elsewhere. Therefore, 
localised heating will enhance the dielectric contrast between the heated areas compared to the other 
area. This contrast enhancement provides very useful information for constructing images of the 
breast [31] which depends on the differences in dielectric properties between breast tissue. This 
temperature based imaging technique can then be used as a monitoring tool for microwave 
hyperthermia treatment. For example, by constructing real time thermal images within the breast 
phantom, the induced temperature within the treated object can be observed and monitored. Based on 
the information from the thermal images, a feedback loop can be built to control the microwave power 
so that the therapeutic temperature can be achieved and maintained at a desired location with 
sufficient time for hyperthermia treatment of the breast.  
So far, the investigations on the focusing technique for microwave hyperthermia of the breast have 
been studied and reported. Although focusing techniques for other body parts are out of the scope of 
this thesis, the solutions used to deal with the specific challenges in this research can be applied to 
other studies of microwave hyperthermia treatments. A possible extension of this work can be attained 
by applying a differential beam-steering sub-array method for microwave hyperthermia of brain 
tumours. The advantages of using this method is the ability to control the total radiated field at a sub-
array level, rather than at each antenna element. The antenna array, therefore, can produce a total field 
pattern with small side-lobes which are main sources for hotspots in healthy tissue. This is an 
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important area for future research as controlling unwanted hotspots are a vital requirement for 
hyperthermia of the brain, which is a very complicated structure with highly sensitive tissue.  
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